




















Instituto de Neurociencias de Castilla y León 
Universidad de Salamanca 
 












































A MIS ABUELOS 











En  primer  lugar, me  gustaría  transmitir mi más  sincero  agradecimiento  a mi  director  de  tesis, 
Enrique, por haberme enseñado que, trabajando con rigor, constancia, transparencia, entusiasmo 
y pasión, se puede hacer buena ciencia. Gracias por ofrecerme la oportunidad de formar parte de 







de  laboratorio  para  mí,  gracias  por  tu  ayuda  y  apoyo  incondicional.  Alejandro,  gracias  por 
contagiarme tu buen humor, y por esos debates interminables sobre cualquier tema. Fernando y 
Thibaud, gracias por vuestros comentarios, sugerencias, y por el ánimo que me habéis transmitido 
durante  este  último  año.  Joseba,  gracias  por  tu  ayuda  en  lo  relacionado  con  el  ajuste  de  los 
implantes. Gracias Byanka, Helia e Inés; a pesar de que vuestra estancia en el laboratorio fue corta, 










































the  auditory  nerve. Despite  the progress  achieved  in CI design  and  performance, CI  users  still 




reflex  (MOCR).  In  contrast  to  the  standard  clinical  approach  (STD),  which  involves  using  two 
independently functioning audio processors with fixed acoustic‐to‐electric compression, the MOC 
strategy dynamically couples  the amount of compression applied  in each ear. This can  result  in 
better speech‐in‐noise recognition [Lopez‐Poveda et al., 2016, Ear Hear 37(3):e138‐148]. Though 







speech  and  noise  sources.  Speech  reception  thresholds were  compared  for  stimuli  processed 
through a STD strategy; the original MOC strategy with  fast control of compression and greater 









MOC3  strategies.  Compared  to  the  STD  strategy,  the  MOC1  strategy  slightly  improved  the 
localization of broadband noise bursts 200 ms in duration. The MOC2 and MOC3 strategies did not 
improve  localization  because  stimuli  were  too  short  to  fully  activate  and  deactivate  the 




























Los  implantes  cocleares  (ICs)  pueden  proporcionar  a  las  personas  sordas  una  audición  eficaz 
mediante estimulación eléctrica directa del nervio auditivo. A pesar del progreso  logrado en el 
diseño y el rendimiento de los ICs, los usuarios de estos dispositivos todavía tienen dificultades para 





(STD),  que  implica  usar  dos  procesadores  de  sonido  funcionalmente  independientes  y  con 








ruido.  Se  midieron  umbrales  de  recepción  de  verbal  (SRTs)  para  frases  inmersas  en  ruido 











IC  bilateral  que  localizaran  fuentes  de  ruido  en  un  plano  horizontal  virtual  para  estímulos 
procesados a través de las estrategias STD, MOC1, MOC2 y MOC3. En comparación con la estrategia 
STD, la estrategia MOC1 mejoró ligeramente la localización de ráfagas de ruido de banda ancha de 






temporal  fina del sonido en  los cuatro canales de  frecuencia más apicales. Los SRTs para  frases 
procesadas  a  través  de  la  estrategia  MOC3‐FS4  y  una  estrategia  estándar  FS4  (STD‐FS4)  se 
compararon en silencio, en ruido estacionario y en ruido fluctuante, para varios niveles de habla, 
en escucha bilateral y unilateral, y para múltiples configuraciones espaciales de las fuentes de habla 
y  ruido.  En  general,  los  SRTs  fueron  iguales o mejores  con  la  estrategia MOC3‐FS4 que  con  la 
estrategia STD‐FS4. 
El cuarto estudio tuvo como objetivo  investigar si el esfuerzo de reconocer el habla en ruido es 
menor o  igual  con  las  estrategias MOC que  con  las  estrategias  STD.  El porcentaje de palabras 
recordadas y  los  tiempos de  respuesta verbal en una prueba de  reconocimiento de palabras se 
usaron como indicadores del esfuerzo, y se midieron en silencio y en ruido estacionario a +5 dB de 
relación señal‐ruido (SNR) y en el SRT individual para frases en ruido. Los resultados mostraron que 

















Some  parts  of  this  thesis  have  been  published  in  scientific  journals  and/or  presented  at 
international conferences, as listed below. The underlined text indicates the person who gave the 
conference presentation. A copy of the publications is given in Appendix 1. 
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sources  with  a  binaural  cochlear‐implant  sound  coding  strategy  inspired  by  the  medial 



































































































































Hearing  is  important to humans. It  is essential for  interpreting the surrounding environment, for 
communication, and for detecting dangers around. Hearing  impairment, at any stage of  life, can 
hinder communication and degrade the quality of life (Kramer et al., 2006; Nachtegaal et al., 2009; 
Hua  et  al.,  2013). According  to  the World Health Organization  (2018),  over  5%  of  the world’s 
population   ̶   around 466 million people   ̶   suffers from disabling hearing  loss, and  it  is estimated 













CI  users  is  probably  double  that  figure  and  is  expected  to  substantially  increase  in  the  future 
because of  the earlier diagnosis of hearing  loss,  the  improved CI  technologies, and  the reduced 
costs of cochlear  implantation (Pisoni et al., 2017). With current CIs, most users can understand 
speech well in quiet environments (Baskent et al., 2016). Cochlear‐implant users, however, still find 
it  difficult  to  understand  speech  in  noisy  settings,  localize  sound  sources,  perceive music,  or 
recognize speech  in  tonal  languages, such as Chinese  (Wilson, 2017).  In addition, most users of 
bilateral CIs (BiCIs) report that hearing in noisy environments requires a high level of concentration 
to detect, decode, process, and  comprehend  speech, which  increases  listening effort  (Perreau, 
2017). This  shows  that bilateral CI  stimulation  alone  is not  enough  to  restore normal  listening 
capabilities.  The use of  two  independently  functioning CIs with different number of  frequency 
channels, misaligned  electrodes,  and/or  different  rates  of  electrical  stimulation  can  distort  or 
degrade binaural acoustic cues  (Litovsky et al., 2012;  Jones et al., 2014; Kan, 2018). The use of 





Recently, Lopez‐Poveda et al.  (2016a, 2017) have shown  that  for some  listening conditions,  the 
intelligibility of speech  in competition with other sounds can be  improved by using a binaural CI 
sound‐coding strategy termed “the MOC strategy”. This strategy is inspired by (and named after) 














The  original  implementation  and  parameters  of  the MOC  strategy  disregarded  aspects  of  the 
natural MOCR such as  its slow time courses for activation and deactivation (Cooper and Guinan, 





























noise,  in unilateral and bilateral  listening modes, and  for multiple  spatial  configurations of  the 
speech  and  noise  sources.  Speech  reception  thresholds  are  reported  for  three  different 
implementations  of  the MOC  strategy:  one with  fast  (MOC1)  and  two with  slow  contralateral 
control  of  compression  (MOC2  and MOC3).  The MOC2  strategy  provided more  contralateral 
inhibition in the higher frequency than in the lower frequency channels, while the MOC3 strategy 
provided more  inhibition  in  the  lower  frequency  than  in  the higher  frequency channels. Speech 




two  independently  functioning  CI  processors  with  fixed  acoustic‐to‐electric  compression  (STD 






continuous  interleaved sampling  (CIS)  (Wilson et al., 1991). Some state‐of‐the‐art CIs, however, 




of  combining  MOC3  with  FS4  processing  relative  to  using  FS4  processing  alone.  These  two 
approaches  are  referred  to  hereafter  as MOC3‐FS4  and  STD‐FS4  strategies.  Speech  reception 
thresholds  for  sentences  in quiet and  in  competition with a  single  interferer are  compared  for 
stimuli  processed  through  these  two  strategies.  Speech  reception  thresholds  are  reported  for 




Chapter  7  describes  two  studies  aimed  at  comparing  the  effort  expended  by  BiCI  users when 
listening with  the MOC  and  STD  processing  strategies.  Effort  is  quantified with  two  different 















1. A  demonstration  that  CI  users,  who  lack  a  natural  MOCR,  can  localize  sounds  and 
























BACKGROUND, HYPOTHESES, AND 
AIMS 
This chapter provides a general  framework  for  the work presented  in  this  thesis. First,  it briefly 

































perilymph,  they  give  rise  to  a  traveling wave  in  the  BM.  The movement  of  the  oval window, 
produced by the movement of the stapes, results in an outward movement in the round window. 









Dallos,  2008).  The  normal  functioning  of  the OHCs  and  their  effect on BM  vibrations help  the 
healthy human ear to perceive sounds over a wide range of SPLs. The response of the BM in the 
healthy  cochlea  is nonlinear  and  compressive. This means  that when  the  sound pressure  level 
increases, the velocity of BM motion increases less than the increase in sound pressure level, and 
thereby compresses a wide range of acoustic pressure  into a narrower range of BM mechanical 



















































































2005). Hearing  impairment  is  said  to occur when  the PTA  is at  least 35 dB higher  than normal 
(Stevens et al., 2013). 




be caused by cerumen  in  the ear canal, damage  to  the eardrum and/or  the middle‐ear 
ossicles, or by the presence of fluid in the middle ear. 
 Sensorineural hearing  loss  is caused by damage to the structures or processes  inside the 








the auditory system  lacks  the necessary  link  for transforming acoustic pressure waves to neural 
impulses (Wouters et al., 2015). Damage or loss of OHCs results in the main characteristics of SNHL: 
decreased  sensitivity  to weak  sounds,  reduced  cochlear  frequency  selectivity,  suppression  and 
compression, decreased efferent control of cochlear function and a faster growth of loudness with 


















with hearing aids. However, when  the hearing  loss  is  severe  to profound, hearing aids are not 
recommended because sound amplification becomes useless when  the  transduction of acoustic 












experienced  a  sensation  of  sound  like  “boiling  thick  soup”.  This  is  the  first  report  of  auditory 
sensation elicited by electrical stimulation. In 1957, André Djourno and Charles Eyriès performed 
the first implant of a device for direct electrical stimulation of the auditory nerve in a totally deaf 
person. The patient  reported auditory percepts  in  response  to  the  stimuli during and after  the 
operation, and he could hear the environmental sounds but not understand speech (Møller, 2006; 































environment are detected by  the microphone(s) on  the  sound processor and  converted  into a 
digital  signal.  This  digital  signal  is  analyzed  by  an  audio  processor  and  processed  through  an 
algorithm (the sound‐processing strategy) to determine the pattern of stimulation sequences that 
represent  the  sound and  that  should be  transmitted  to  the  implanted  receiver‐stimulator by a 
transcutaneous  electromagnetic  link.  The  main  functions  of  the  sound  processor  are  (1)  to 
decompose the input signal into its frequency components, and (2) to map (or compress) the wide 










which  itself depends on  the electric charge delivered by each electrode, which depends on  the 












microphone  to  a  single  electrode  placed  in  the  cochlea.  Later,  due  to  the  development  of 
multichannel  CIs,  sound‐processing  strategies  were  divided  into  two  categories:  waveform 
strategies and feature‐extraction strategies. 
The simplest first version of multichannel CIs was based on the waveform strategy approach. In this 
strategy, known as  the compressed analog,  the spectrum of  the  input signals was split  into 4‐8 
frequency  bands  by  a  bank  of  bandpass  filters.  Then,  after  compressing  the  range  of  sounds 
intensities  using  automatic  gain  control  (AGC),  the  output  of  these  filters  was  applied 
simultaneously  to  the  respective  electrodes.  This  type  of  processing  strategy  presented  both 
spectral  and  temporal  information.  This  approach,  however,  produced  interaction  between 
channels caused by  the  summation of electrical  fields  from  individual electrodes  (Loizou, 1999; 
Møller,  2006), which  distorted  the  speech  spectrum  and  degraded  speech  understanding.  To 
reduce  this problem,  subsequent devices used pulsatile  sound coding  strategies.  In  this  type of 
stimulation,  the  sound  information  is  delivered  to  the  electrodes  using  sequences  of  non‐
overlapping electrical pulses, thus minimizing channel interactions. 
One of the first speech‐coding approaches that used pulsatile stimulation was classified as feature 
extraction  strategies. Vowel  sounds are  identified based on  their  formant  frequencies.  In  these 




of  a  tonotopic  relationship  between  the  location  and  the  stimulated  frequency.  Speech 
understanding with these strategies is rather poor, hence these strategies are not used in current 
commercial processors (Loizou, 1999; Zeng et al., 2008; Wouters et al., 2015). 




channels  in  the  electrode  array.  The  envelope  signals  extracted  from  the  bandpass  filters  are 
compressed with a nonlinear function to map the wide dynamic range of sound in the environment 
(about 100 dB) into the narrow dynamic range of electrically evoked hearing. Then, the compressed 











suitable  mapping  functions  and  other  aspects  of  processing  to  minimize  possible  distortions 
(Wilson, 2015). 




narrow  the broad  ranges of  ‘loudness’  fluctuations  that occur  in  the acoustic environment. The 
second compression stage is the acoustic to electric map. This map is placed at the back‐end in each 
frequency  channel  of  processing  to map  the  wide  dynamic  range  of  sounds  in  the  acoustic 














each  stimulation  cycle.  This  is  referred  to  as  an  n‐of‐m  approach, where  n  is  the  number  of 
electrodes stimulated in each cycle and m is the number of frequency filters (n<m). Typically, the n 
































the most  important spectral components  in any given  input audio signal and can  lead to a more 












Main  peak  interleaved  sampling  (MPIS).  This  strategy  was  developed  by  the  Neurelec‐MXM 
company and  is  the basic  strategy employed  in Oticon Medical CI  systems.  It  is a  conceptually 
different strategy from the previous ones. It uses current pulses of identical amplitude and controls 
the loudness by varying the duration (thus the charge) of each electrical pulse. In this processing 
strategy,  the  speech  processor  adaptively  selects  the  number  of  channels  with  the  highest 
amplitude or  ‘maxima’ depending on  the amplitude characteristics of  the  incoming sounds. For 
each maximum,  the  electrical  pulse  amplitude  (electrical  current)  remains  constant while  the 
electrical pulse duration is dynamically adapted for each patient. The number of maxima may vary 
between 1 and 20 in a total of 20 electrodes. Stimulation rate may be varied from 150 to 1000 Hz. 


















level differences or  ILDs).  Inter‐aural  time difference and  ILD  cues are not equally useful at all 









background  noise  (Hawley  et  al.,  2004;  Laszig  et  al.,  2004;  Brown  and  Balkany,  2007).  The 
advantages  related with  binaural  hearing  encompass  three  effects:  binaural  redundancy,  head 
shadow effect, and binaural ‘squelch’. 
Binaural redundancy or binaural summation 
Binaural  redundancy  refers  to  the  central  auditory  system´s  ability  to  benefit  from  duplicate 
representations of  the same signal at  the  two ears,  i.e.,  from diotic stimulation. For a perfectly 
symmetrical head, it occurs when speech and noise originate from the same spatial location in the 










difference  decreases  as  the  speech  and  noise  sources  get  closer.  The  head  shadow  effect  is 














Peterson  et  al.,  2010). However,  unilateral  CI  users  do  not  benefit  from  the  abovementioned 






The main motivation  for  bilateral  implantation  is  to  restore  spatial  hearing  abilities.  Bilateral 
implantation, however, also enhances auditory sensitivity and speech‐in‐noise  intelligibility, and 
subjectively improves sound quality and the quality of life (Schleich et al., 2004; Litovsky et al., 2004, 


















2004;  Loizou  et  al.,  2009;  Kan,  2018).  This may  be  because  there  is  technical  (software  and 
hardware) limitations in what CIs can achieve (Wilson and Dorman, 2008) but also because the two 











of  the  filter  bank.  The  authors  demonstrated  that  the  PDT  strategy  produces moderate  ITD 









This  strategy enhances  the perception of  ITDs  for bimodal  listeners by modulating  the electric 
stimulation  signal  synchronously with modulations  in  the acoustic  signal presented  to  the non‐












aim  to provide BiCI users with  larger  than normal  ILD  cues. This  strategy  improved  localization 
performance. Moreover, two of the six subjects that participated in the study achieved localization 
performance levels typical of those observed in normal‐hearing listeners. Dieudonné and Francart 
(2018) developed a method  to enhance head‐shadow  ILDs  in  the  low  frequencies using a  fixed 
beamformer with contralateral subtraction in each ear. The method was tested on normal‐hearing 
listeners simulating bimodal stimulation.  In  the  localization  task,  the angle error  improved  from 
50.5 to 26.8. Speech reception thresholds in noise improved by 15.7 dB SNR when the noise was 
presented from the CI side, 7.6 dB SNR when the noise was presented from the hearing‐aid side 
and were  not  affected when  noise was  presented  from  all  directions. Another  novel  listening 




recognition  performance  was  evaluated  using  a  virtual  auditory  space  in  BiCI  users.  Speech 
reception thresholds in noise improved by 4.4 dB. 







MOCR  (Guinan,  2006).  These  adjustments  possibly  facilitate  understanding  speech  in  noisy 
environments but are not currently available to the users of CIs because the electrical stimulation 











ear. Unfortunately,  these  processors  ignore  a  fundamental  aspect  for  communication  in  noisy 




the  CI  is  independent  from  cochlear  mechanical  processes,  the  adjustment  of  compression 
provided by the MOCR in natural hearing is unavailable to CI users (Wilson et al., 2005). Perhaps 
this  contributes  to  the  greater  difficulties  experienced  by  CI  users  communicating  in  noisy 
environments.  However, MOCR  effects  can  be  reinstated  using  dynamic  compression  (Lopez‐
Poveda et al., 2016a). 
The  MOC  strategy  is  a  binaural  CI  sound‐coding  strategy  that  uses  dynamic  (time‐varying), 







of every  frequency  channel of processing  in an audio processor,  the more  linear  the back‐end 
compression in the corresponding frequency channel of the contralateral audio processor (Lopez‐
Poveda  et  al.,  2016a,  2016b;  Lopez‐Poveda  and  Eustaquio‐Martin,  2018).  In  other words,  the 















Figure  2.7.  Range  of  instantaneous 
compression  functions  (Eq. 3.1)  for  six 
different  values  of  the  contralateral 
output level (E) linearly distributed from 
−20 to 0 dB FS and corresponding values 
of  the  parameter  c,  as  shown  in  the 
inset. The double‐headed vertical arrow 
illustrates  the amount of  inhibition  for 
an input level of −45 dB FS. dB FS means 
dB re unity. FS indicates full scale; MOC, 
medial  olivocochlear  reflex.  Figure 








the  activation  and  deactivation  of  the  contralateral  inhibition.  Compared  to  using  two 
independently  functioning processors with  fixed  compression  (STD  strategy),  the MOC  strategy 
enhanced  the speech  information  in  the ear with  the better acoustic SNR. The perceptual  tests 
conducted so far with CI users have demonstrated that compared to the STD strategy, the MOC 















However,  this  implementation of  the MOC strategy had some disadvantages:  (1)  it reduced  the 
speech  information  in  the ear with  the worse acoustic SNR, which  could hinder  intelligibility  in 
unilateral  listening  when  the  implanted  ear  has  the  worst  acoustic  SNR;  and  (2)  the mutual 









































































































The  original  implementation  and  parameters  of  the MOC  strategy  disregarded  aspects  of  the 
natural MOC  reflex  including  its  slow  time  course  for  activation  and deactivation  (Cooper  and 
Guinan, 2003; Backus and Guinan, 2006) or that  it causes greater  inhibition of BM responses  in 
apical than in basal cochlear regions (Lilaonitkul and Guinan, 2009; Aguilar et al., 2013). A technical 
evaluation of  the MOC  strategy using  the  short‐term objective  intelligibility  (STOI)2  (Taal et al., 
2011)  predicted  that MOC  processing  could  provide  even  wider  benefits  with more  realistic 
implementations of natural MOC effects (Lopez‐Poveda and Eustaquio‐Martín, 2018). It predicted 









for Understanding  Effortful  Listening  (FUEL)  to  address many  of  the  complexities  that  go  into 
concepts of  spoken  communication,  including  listening effort.  This  framework defines  listening 
effort as “the deliberate allocation of mental resources to overcome obstacles in goal pursuit when 
carrying out a task, with listening effort applying more specifically when the task involves listening” 
(Pichora‐Fuller  et  al.,  2016). Note  that  this  definition  accentuates  the  difference  between  the 
demand of a given listening situation and the effort deliberately exerted by a listener. 




unfavorable  listening conditions and devote more concentration and attention when  listening  in 
























experience of  listening effort  suggests  that effort might be a multidimensional process  (Peelle, 
2018; Alhanbali et al., 2019). 
There  are  several  benefits  of  assessing  listening  effort.  For  example,  it  is  useful  to  determine 
intervention  strategies,  to  inform  and  discuss  stressful  situations  for  patients,  or  to  provide 
evidence  that  intervention  is  needed.  Furthermore,  listening  effort  can  also  be  included  as  a 
dimension when developing new processing strategies to improve the listening experience of the 
patient. For  these  reasons, over  the  last years, hearing  researchers and clinicians are becoming 
more  interested  in  the concept of  listening effort and  the usefulness of measuring  it as part of 
clinical  evaluation  (Gosselin  and  Gagné,  2010; McGarrigle  et  al.,  2014).  However,  there  is  no 
standardized procedure to measure listening effort (Pichora‐Fuller et al., 2016).  
2.4.1. How is listening effort assessed? 





listening  effort might  be  a multidimensional  phenomenon with  different measures  evaluating 
independent aspects of the same process (Alhanbali et al., 2019). The most common approaches 



























estimate  the  individual  amount  of  perceived  effort  during  a  listening  experience.  Currently,  if 
listening effort were measured in clinical environments, it would be likely done with self‐reports or 














participant  in a  relatively positive  state of mind might underestimate  the extent of  their effort 
exerted to the listening task and vice versa. Larsby et al. (2005) suggest that older people tend to 




the  influence  of  these  limitations  on  the  subjective measures  of  listening  effort might  have 
contributed to the lack of correlation between self‐report methodologies and other physiological 
or behavioral measures of effort (Mackersie and Cones, 2011; Mackersie et al., 2015). 




and  measurements  of  bodily  fluctuations  (e.g.  pupil  diameter  or  skin  conductance)  are 
simultaneously recorded. These measures of listening effort fall into two main categories: measures 
of brain activity and measures of the autonomic nervous system (McGarrigle et al., 2014). The most 
common  techniques  for  measuring  neural  activity  to  infer  listening  effort  are  magnetic 
encephalography, evoked‐response potentials, electroencephalography, and functional magnetic 




Magnetic  encephalography  and  evoked‐response  potentials measurements  have  been  used  to 
study  time‐locked  neural  activity  evoked  by  the  presentation  and  the  response  to  stimuli. 
Electroencephalography  shows  the  response  to acoustic  stimuli measured by electrodes on  the 
scalp and provides precise markers of mental processing during a  task  (Bernarding et al., 2013; 













intelligibility  (Zekveld et al., 2010), different  types of background noise  (Koelewijn et al., 2012), 
dynamic  environment  like  a  cocktail  party  (Koelewijn  et  al.,  2015),  and  auditory  attention 
(Koelewijn et al., 2017) influence and affect listening effort. An advantage of this technique is that 
it provides an indication of changes in cognitive demand during perception tasks. For this reason, 













This  paradigm  is  based  on  the  assumption  that  challenging  listening  tasks  result  in  increased 











on  the  response  time  for  both  an  intelligibility  task  and  an  arithmetic  task  in  normal‐hearing 








hearing‐aid  signal  processing. On  the  other  hand,  Pals  et  al.  (2015)  compared  two  behavioral 
response time measures of listening effort that can be combined within a clinical speech test: verbal 
response times to auditory stimuli and response times to a visual task in a dual‐task paradigm. Both 







































primary  tasks:  visual  task  (Hornsby,  2013;  Picou  et  al.,  2013;  Picou  and Ricketts,  2014),  tactile 
pattern  recognition  task  (Fraser  et  al.,  2009; Gosselin  and Gagne,  2011),  and driving  a  vehicle 
simulator (Hicks and Tharpe, 2002; Fraser et al., 2009; Gosselin and Gagne, 2011). On the other 
hand,  working  memory  capacity  is  limited  and  can  be  assigned  to  processing  and  storing 
information during the performance of complex activities. There is a variety of secondary tasks used 
within the working memory dual‐task paradigms and these assume that if more capacity is allocated 
to  listening  (primary  task),  less  spare  capacity  will  remain  available  for  storing  information 
(secondary  task).  Recall  is  a  popular  task  to measure  listening  effort  in  dual‐task  paradigms 
(Sarampalis  et  al.,  2009;  Hornsby,  2013).  Recall  dual‐task  paradigms  have  been  used  in  the 














the dual‐task paradigm may not be  the method of  choice  for use  in  a  clinical  setting  because 
performing two tasks simultaneously can be difficult to do and the procedure difficult to explain to 
some populations, such as children or the elderly (Alhanbali et al., 2019).  
In  summary,  there  is no  reliable measure of  listening effort.  It would be  important  to  reach  a 
consensus on which methods are optimal or at least appropriate to measure listening effort in order 
to guide researchers to define research objectives and design future studies, as well as to assist 

























1. To  investigate  the  potential  benefits  of  using more  realistic  implementations  of  the MOC 
strategy  for  speech‐in‐noise  recognition  in  unilateral  and  bilateral  listening  modes.  This 
includes investigating the binaural advantages provided by MOC processing. 
2. To experimentally verify  if virtual sound source  localization  in the horizontal plane  is better 
with the MOC than with STD sound‐processing strategies.  
3. To  investigate  the potential benefits of combining  realistic MOC processing  (termed MOC3 












SNR.  Therefore, more  realistic  implementations  of  the MOC  strategy will  produce  better 
performance  in  speech‐in‐noise  recognition  tasks  in  unilateral  and  bilateral  listening 
conditions and for various spatial configurations of the target and masker stimuli. 



























































First protocol        L  R  L  R  L  R    L  R  L  R  L  R 
ME115  M  81  Un/He  47  47  9  9  1587.3  1587.3  R  1000  1000  0  0  100  100 
ME131  M  54  Un/He  30  32  11  11  1578.9  1823.7  L  1000  1000  0  0  100  100 
ME132  M  43  Un  62  62  9  9  1587.3  1587.3  R  1000  1000  B  B  92  100 
SA004  F  35  Ge  22  13  11  11  1550  1567  R  500  500  10  10  125  120 
SA005  M  44  Mg  119  103  11  11  1600  1504  R  500  500  0  0  110  100 
SA006  F  48  Ge  HA  125  n/a  11  n/a  1653  R  n/a  1000  n/a  5  n/a  130 
SA007  M  49  Ge  HA  125  n/a  11  n/a  1617  R  n/a  1000  n/a  15  n/a  130 
SA008  M  16  Un  13  129  10  10  1818  1020  R  500  500  10  5  130  100 
SA009  M  15  Ge  105  148  10  10  1818  1538  R  500  500  0  10  125  130 
SA010  M  16  Un  140  172  10  10  1695  1099  R  500  500  10  0  130  130 
SA011  F  44  Un/Ab  22  135  10  10  1754  1734  L  500  600  5  5  110  120 
SA012  F  7  Ge  76  65  12  12  1515  1485  L  500  500  5  5  90  100 
SA013  M  8  Ge  83  83  12  12  1485  1515  R  500  500  10  10  110  110 
SA014  M  48  Mg  175  190  9  9  1846  1143  L  900  500  5  5  100  120 
SA015  F  35  Mg  147  19  11  11  1405  1653  L  1000  500  5  5  110  110 

























Second protocol        L  R  L  R  L  R    L  R  L  R  L  R 

















































































Two standard strategies were  tested, one  that disregarded TFS cues  (STD) and one  intended  to 








CIS  of  the  compressed  envelopes  with  biphasic  electrical  pulses.  Note  that  this  strategy  was 
implemented without AGC. 
The  STD‐FS4  strategy  included  a  bank  of MED‐EL’s  proprietary  finite  impulse  response  (FIR) 
bandpass  filters  with  a modified  logarithmic  distribution  between  70  and  8500  Hz;  envelope 
extraction via Hilbert  transform; a  channel‐specific gain  to  the  input  signal  to  the  compression 
function  (this  gain  replaced  the  high‐pass  filter  employed  in  the  STD  strategy);  a  logarithmic 
compression function; and CIS of compressed envelopes with biphasic electrical pulses using the 
FS4  approach,  i.e.,  using  CSSSs  in  the  four  most  apical  channels  and  fixed‐rate  stimulation 










          ,        (3.1) 
where  x and y are  the  input and output envelopes  to/from  the  compressor,  respectively, both 















weighted output  level  from  the corresponding  frequency channel  in  the contralateral processor 




in  the previously published experimental studies of  the MOC strategy  (see Lopez‐Poveda et al., 
2016b, 2017). 
Inspired by the exponential time‐course of activation and deactivation of the MOCR (Backus and 
Guinan,  2006),  in  the  MOC  strategy,  the  instantaneous  output  level  from  the  contralateral 
processor was  calculated  as  the  root‐mean‐square  (RMS)  output  amplitude  integrated  over  a 
preceding exponentially decaying time window with two time constants (a and b , a≤b). 



































 MOC3.  This was  a MOC2  strategy with  bandwidth  normalization  (Eq.  3.2)  to  simulate 
greater  inhibition  in  the apical  than  in  the basal  frequency channels,  thus closer  to  the 
characteristics of the natural contralateral MOC reflex (Lilaonitkul and Guinan, 2009b). 












levels.  This  resulted  in  a  linear  scaling‐up  of  the  programmed  levels  for MCL  in  a  fitting map. 
Thresholds, MCL levels, and processor volumes remained constant for each participant across test 
conditions. 
When  the  STD  strategy was  used  as  the  reference  (protocol  1),  processor  volumes  remained 
identical  for  the  STD  and  MOC1,  MOC2  and  MOC3  strategies.  This  was  to  ensure  that  the 
contralateral  inhibition  produced  the  corresponding  reductions  in  stimulation  amplitudes  (i.e., 





















3 dB,  the  SRT measurement was discarded  and  a new  SRT was measured.  Except  for  the  two 
children (SA012 and SA013), three SRT were measured in this way for each condition and the mean 





During  the experiment,  the presentation of each sentence was controlled by  the experimenter. 








of  a  human  head with  an  array  of  speakers  in  front  of  the  head  (Fig.  3.1).  For  each  stimulus 
presentation, the subject was  instructed to  judge the azimuthal position of the sound source by 
clicking on the corresponding speaker in the computer screen. The click of a response triggered the 


















90 and  listening  to  the corresponding stimulus;  that  is, during  training, participants could hear 
stimuli at all  those azimuthal  locations while  for  testing,  stimuli were presented at a  subset of 
locations. Training was provided independently for each processing strategy and for as long as each 
participant  deemed  necessary.  Second,  during  the measurements,  feedback was  not  given  to 
participants  on  the  correctness  of  their  responses.  Third,  participants  did  not  know  which 




















talker  were  presented  in  quiet  or  in  competition  with  SSN.  The  experimenter  controlled  the 
presentation of the stimuli. Participants had to repeat each word after they heard it. A word was 
counted as correctly recognized when  it was  identical to the word presented. Feedback was not 
given  to  the participants on  the  correctness of  their  responses. As  soon as  the 10 words were 
played, the participant was asked to recall as many words as he/she could remember, regardless of 
the order of presentation. Two scores were obtained: the number of correctly recognized words 
and  the number of  correctly  recalled words. We assume  that  the proportion of  recalled words 




Response  time was  used  as  an  alternative  assessment  of  listening  effort  during  the  dual‐task 

















speech and noise  sources were at eye  level  (i.e.,  their elevation angle was 0).  Locations were 
chosen so that the speech source was always in front or toward the self‐reported better ear of each 










electric  stimuli.  Stimuli were  generated digitally  (at 20  kHz  sampling  rate, 16‐bit quantization), 
processed  through  the  corresponding  coding  strategy,  and  the  resulting  electrical  stimulation 
patterns delivered using the Research Interface Box 2 (RIB2; Department of Ion Physics and Applied 














on  group‐mean  SRTs.  The  Greenhouse‐Geisser  correction  was  applied  when  the  sphericity 










criterion p  value  for  statistical  significance by  the number of made  comparisons  (given by  the 
product of strategies times spatial configurations). For example, for N comparisons and p ≤ 0.05, a 
result would be statistically significant if the obtained p value is smaller than p ≤ 0.05/N. 










SPEECH INTELLIGIBILITY WITH MORE 



















Aguilar  et  al.,  2013),  and  the  possibility  that  the  largest  MOCR  inhibition  occurs  when  the 
contralateral sound elicitor is one‐half octave below the probe frequency (Lilaonitkul and Guinan, 
2009).  Furthermore,  using  a  speech  intelligibility  model,  Lopez‐Poveda  and  Eustaquio‐Martín 
(2018)  predicted  that  the  use  of  longer  time  constants  for  activation  and  deactivation  of 














actual  CI  users.  A  second  aim  was  to  investigate  the  binaural  advantage  provided  by  MOC 
processing. Speech reception thresholds were measured for sentences presented  in competition 





strategy  with  offset  contralateral  control  of  inhibition  were  not  conducted  because  of  time 
constraints and because,  as explained  above, no benefits were expected  from  it. To  verify  the 












































listening.  Spatial  configurations were different  for different participants depending on  the  self‐
reported better ear of each participant. When the self‐reported better was the right ear, unilateral 


































In  this  section,  the  functioning of  the  tested  strategies  is described. The  top part of Figure 4.1 
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2. The variation was  such  that when  the output envelope amplitude  in a given  frequency 
channel was larger in one ear (black arrow in Fig. 4.1B), the maplaw c parameter and thus 






















































when  the vowel was present were  lower  for  the MOC1 strategy  than  for  the STD strategy. This 
potentially detrimental effect, however, is less significant for the slower MOC2 or MOC3 processors 
than  for  the  faster MOC1  processors  (see  also  Fig.  4.3).  Additionally,  the  faster  contralateral 






















































































Altogether,  it  seems  that  the MOC3  processor  provided  the  highest  SNR  in  the  right  ear with 
minimal or no inhibition of speech cues in the left ear. 
 
Figure  4.3. Output  envelopes  for  STD, MOC1, MOC2  and MOC3  processors with  10  frequency 
channels. The stimulus was as in Figure 4.1. Each panel shows envelopes at the output of the back‐











envelopes  (not seen  in Fig. 4.1, Fig. 4.2 or Fig. 4.3):  the use of overall  lower stimulation  levels, 
particularly  at  times when  noise was  not  present,  could  release  auditory  nerve  neurons  from 
adaptation,  allowing  them  to  better  encode  the  speech  envelope.  Indeed, of  the benefits  just 






















Figure 4.4.  Intelligibility  in unilateral  listening  for  individual participants. Row 1  (panels A  to E). 
Speech reception thresholds for the STD strategy. Each panel is for a different spatial configuration 
of  the  speech and noise  sources, as  indicated at  the  top. Rows 2  to 4  (panels F  to T). Speech‐




Figure  4.5.  Group‐mean  intelligibility  scores  in 
unilateral  listening.  A.  Mean  SRTs  for  each 
strategy  (as  indicated  by  the  inset)  and  spatial 
configuration (as indicated in the abscissa). Each 
point  is  the  mean  for  eight  bilateral  and  two 
unilateral CI users. B. Mean SRT improvement for 
the MOC strategies relative to the STD strategy. 
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For  speech  and  noise  sources  co‐located  in  front  of  the  participants  (S0N0), many  participants 
performed worse (up to 4.7 dB for participant SA009) with the MOC1 than with the STD strategy 









the  STD  strategy  (Fig.  4.4H  and  4.4M). However,  some participants benefited  from  the MOC3 
strategy  (Fig.  4.4R).  This  pattern  of  results was  unexpected  based  on  STOI  simulations, which 
predicted  SRT  improvements of up  to 6 dB  for  all MOC  strategies  (Fig. 5  in  Lopez‐Poveda  and 
Eustaquio‐Martín, 2018). The reason for the discrepancy between the present experimental result 
and the STOI prediction is uncertain. STOI disregards the effect of stimulation level on intelligibility, 
and the mutual  inhibition between MOC processors causes stimulation  level to be  lower for the 
MOC  than  for  the  STD  strategies.  Therefore,  perhaps,  the  speech  level  delivered  by  the MOC 
strategies was significantly more reduced in this than in other spatial configurations and hindered 
speech audibility. 




MOC2  and  MOC3),  spatial  configuration  (S0N60,  S0N0,  S0N60,  S15N15  and  S60N60),  and  their 
interaction  on  the  group‐mean  SRTs.  The  RMANOVA  revealed  a  significant  effect  of  strategy 
[F(3,27)=4.34,  p=0.013],  spatial  configuration  [F(2.5,22.1)=190.60,  p<0.001],  and  a  significant 
interaction between  processing  strategy  and  spatial  configuration  [F(12,108)=5.83, p<0.001]. A 
pairwise post‐hoc analysis with Bonferroni correction for multiple comparisons revealed that (1) 








S0N60, S15N15 and S60N60,  respectively). Because SRTs  tended  to  improve  (become  lower) with 
increasing the spatial separation between speech and noise sources, the latter confirmed that there 
was significant spatial release from masking. 
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bilateral  listening.  Each point  is  the mean  for 
eight bilateral CI users. The  layout  is the same 
as  Figure  4.5.  The  dashed  lines  in  panel  A 
illustrate that at a fixed SNR of about 3 dB, the 
angular  separation  between  the  speech  and 
noise  source  ()  to  achieve  50%  correct 
sentence  recognition  would  be  narrower  for 





were beneficial  (the mean SRT  improvement was 1.7 and 1.8 dB,  respectively). The MOC2 and 
MOC3 strategies were beneficial not only on average but also for most individual participants. The 
exceptions were SA010 with the MOC2 strategy. The benefit varied between 0 and 4 dB, depending 
on  the participant. The  largest benefits were  for participant  SA012 with  the MOC2  and MOC3 
strategies (3.9 and 4.0 dB, respectively). 
For spatially separated speech and noise sources (S15N15, S60N60 and S90N90 conditions), the group 



















































































and  MOC3  strategies  produced  significantly  better  speech‐in‐noise  recognition  than  the  STD 
strategy (Figure 4.7). 
Pairwise  post‐hoc  comparisons,  using  the  Bonferroni  correction,  also  revealed  that  SRTs were 















strategies  in  unilateral  (open  symbols)  and  bilateral  listening  (filled  symbols)  for  the  spatial 
configurations tested  in the two  listening modalities. Each data point  is the group mean for the 
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highlighted using bold  font.  Speech  reception  thresholds decreased with  increasing  the  spatial 
separation  between  the  speech  and  noise  sources  and  the  effect  of  spatial  configuration was 




binaural  advantage.  The  interaction  between  spatial  configuration  and  listening  condition was 
significant only  for  the MOC2  strategy,  indicating  that  for  this  strategy  the binaural  advantage 




Table 4.1. Results of  two‐way RMANOVA  tests  for  the effects of spatial configuration 
(S0N0,  S15N15,  S60N60),  listening modality  (unilateral  vs.  bilateral  listening),  and  their 
interaction on  group mean  SRTs. A  separate  test was  conducted  for each processing 
strategy  (STD, MOC1, MOC2  and MOC3).  Statistically  significant  effects  are  indicated 
using bold font. 
Strategy  N  Listening condition  Spatial configuration  Interaction 
STD  8  F(1,7) = 2.78, p = 0.139  F(2,14) = 143.96, p<0.001  F(2,14) = 1.57, p = 0.240 
MOC1  8  F(1,7) = 2.89, p = 0.130  F(2,14) = 106.22, p<0.001  F(2,14) = 0.36, p = 0.700 
MOC2  8  F(1,7) = 10.36, p = 0.014  F(2,14) = 97.28, p<0.001  F(2,14) = 4.32, p = 0.034 




The magnitude of  the advantage decreased with  increasing  the  spatial  separation between  the 
speech and noise sources. 
A post‐hoc analysis of the data in Figure 4.8, with Bonferroni correction for multiple comparisons, 













Previous  studies  have  shown  that,  compared  to  using  two  independently  functioning  sound 
processors (STD strategy), the binaural MOC1 strategy improves SRTs for spatially separated speech 











(2) In  unilateral  listening with  the  ear  having  the  better  SNR,  SRTs were  not  significantly 
different  for  the MOC1  and  the  STD  strategy  for  spatially  separated  speech  and  noise 
sources  (Fig. 4.5). This may  seem  inconsistent with  a previous  study  that  reported  the 
MOC1 to be advantageous over the STD strategy in similar conditions (Lopez‐Poveda et al., 







2016b).  It also provides experimental  support  to a prediction made with  STOI  that  the 
shortcoming  in question can be overcome by using slower contralateral control of back‐
end compression (Lopez‐Poveda and Eustaquio‐Martín, 2018). 
(4) In  bilateral  listening,  the MOC1  strategy was  advantageous  over  the  STD  strategy  for 
spatially  separated  speech  and  noise  sources  but  not  for  co‐located  speech  and  noise 
sources, where the mean SRT was slightly worse (0.9 dB higher) for the MOC1 than for the 
STD  strategy  (Fig.  4.7).  The MOC3  strategy,  however, was  advantageous  over  the  STD 
strategy  for  all  spatial  configurations  tested,  including  the  co‐located  condition.  On 
average, the MOC3 strategy improved SRTs by 1.6 dB with respect to the STD strategy. This 
provides  experimental  support  to  a  second  prediction  made  with  STOI  that  another 
shortcoming of the MOC1 strategy (namely, slightly worse SRTs relative to the STD strategy 
for  co‐located  speech  and  noise  sources)  can  be  overcome  by  using  slower  control  of 






















in  space)  is often quantified  as  the difference  in  SRT  for  spatially  co‐located  speech  and noise 
sources (S0N0) minus the SRT for spatially separated sources (see, for example, Fig. 4 in the review 
of Litovsky and Gordon, 2016). According to this definition, the data  in Figure 4.7 show that the 
mean  spatial  release  from masking  in bilateral  listening  for  the  S60N60  vs.  S0N0 conditions was 
largest for the MOC1 strategy (8.6 dB), smallest for the MOC2 strategy (5.2 dB), and midrange and 
comparable for the STD (6.4 dB) and MOC3 (6.2 dB) strategies. Two comments are in order. First, 









than with  the MOC3  strategy  (approximately  30  versus  0)  to  achieve  50%  correct  sentence 
recognition. Therefore, it would be expected that in more realistic listening situations where the 






























that bilateral  listening  tests were  conducted. This explanation, however,  is not  fully  convincing 
because  the pattern of  results was broadly similar  for  the  last block of unilateral  listening  tests 
(block  #3)  and  the  first  block  of  bilateral  listening  tests  (block  #4),  which  were  conducted 
consecutively.  The  pattern  of  results was  also  similar  for  the  two  last  blocks  of  unilateral  and 
bilateral listening tests (block #3 and block #6, respectively), when participants were presumably 
fully accustomed to the strategies.  
An  alternative  interpretation  for  the  greater  benefit  of MOC  processing  (relative  to  the  STD 








STD  strategy. Arsenault  and  Punch  (1999)  reported  that  normal  hearing  listeners  show  better 
speech‐in‐noise recognition with natural binaural cues than when the stimulus at the ear with the 
better acoustic SNR is presented diotically. Therefore, the more parsimonious explanation for the 











We  are  confident,  however,  that  re‐using  the  sentences  did  not  contribute  to  the  reported 
differences  in  SRTs  across  strategies  (or  spatial  configurations)  because  anyone  testing  block 
involved testing all four processing strategies (and spatial configurations) in random order, before 
moving  on  to  the  next  testing  block.  Therefore,  the  learning  of  the  sentences  and/or  the 
improvement in performing the sentence recognition task would have affected all strategies and 
spatial configurations similarly.  











which  are  an  objective,  thus  patient‐independent  measure  of  intelligibility,  are  greater  with 








a  STD  strategy with  c=500,  the  value  typically  used  by  the  participants  in  their  clinical  audio 





























































listening when  the  listening  ear had  the worse  acoustic  SNR) were overcome by using 
longer time constants of activation and deactivation for the contralateral  inhibition (i.e., 
with the MOC2 and MOC3 strategies).  
(4) All processing strategies produced significant spatial  release  from masking. However,  in 
listening situations where  the SNR and  the angular separation between  the speech and 
noise sources were both fixed, overall performance was best with the MOC3 strategy. 








LATERALIZATION OF VIRTUAL SOUND 
SOURCES WITH A BINAURAL 
COCHLEAR IMPLANT SOUND-CODING 
STRATEGY INSPIRED BY THE MOCR5 
5.1. INTRODUCTION 
As  reviewed  in  the  General  Introduction,  inadequate  coding  of  binaural  cues  by  the  CI  audio 












approach).  Figure  5.1B  illustrates  the mechanism  in  schematic  form.  Insofar  as BiCI  users  rely 
mostly on ILD cues for localization, it seems possible that sound source localization in the horizontal 
plane may be better with the MOC than with the STD strategy. The main aim of the present study 

















plane with  the  STD  strategy and  three different  implementations of  the MOC  strategy  (MOC1, 
MOC2 and MOC3). 
 





















them were  tested at  the University of Salamanca  (SA004, SA005, SA008, SA009, SA010, SA011, 
SA014, SA015 and SA016). 
5.2.2. Stimuli 
Localization was  assessed  as  described  in  Section  3.5.  Stimuli  consisted  of  digitally  generated 































































location due  to potentially  inadequate binaural  loudness balance  (e.g., see Fig. 3  in Tyler et al., 


































and  the HRTF  introduced a head‐shadow  ILD. The  interaural amplitude difference  (right 
panels in Fig. 5.2) was larger for channel #10 than for channels #3 or #5 because channel 






amplitude  in this example was greater for the  left ear than for the right ear, the  left ear 


















on  the  interaural  amplitude  difference  was  related  to  using  (or  not)  bandwidth 
normalization (Eq. 3.2). 
 






Hz  (channel #10,  top  row). Left column. Amplitude at  the output of  the  left ear processor. Middle 
column.  Amplitude  at  the  output  of  the  right  ear  processor.  Right  column.  Difference  in  output 
amplitude between the  left and the right ear. Each panel  illustrates four traces (one per processing 
strategy), as indicated by inset. See main text for details. 




middle panels  illustrate output  levels  for  the  left and  right ears,  respectively;  the bottom panel 
illustrates  the  ILD  calculated  as  20log10(OLE/ORE), with  OLE  and  ORE  denoting  the  RMS  output 

































































(A),  right ear  (B), and  ILD  (C) as a  function of 
channel  number  for  STD, MOC1, MOC2,  and 
MOC3  sound  processors  with  10  frequency 
channels. Also shown are the levels and ILD for 
a  linear STD processor with minimal back‐end 
compression  (STD_LIN).  The  stimulus  was  a 
200‐ms wideband noise burst identical to those 
used for testing and the source was located at 




angle  for  STD, MOC1, MOC2,  and MOC3  strategies with  10  frequency  channels.  Stimuli were 
identical  (200‐ms, wideband noise bursts) as  those used  in  the experiments and were vocoded 
(using  noise  carriers)  through  the  corresponding  processing  strategy.  The  vocoder  has  been 










































































the MOC1  strategy preserved  to a  larger extent  the monaural HRTF  level  localization  cues 
across  the  range of stimulus  levels  tested. For  the STD strategy,  these monaural  level cues 
decreased gradually with  increasing  sound  level because  compression enhanced  the  lower 
input  levels  in the shadowed ear more than the higher  input  levels  in the ear closer to the 
sound source. While the contralateral inhibition of compression used in all MOC strategies can 
theoretically preserve  those monaural  cues, only  the MOC1  strategy preserved  those  cues 
because only for this strategy was contralateral inhibition maximally active over the virtually 
full stimulus duration (i.e., as noted earlier and in Fig. 5.2, the stimulus duration was shorter 
than  the  time  required  for  full activation of contralateral  inhibition  in  the MOC2 or MOC3 
strategies). 
(3) The MOC1  strategy  produced  the  largest  ILD,  the  closest  to  the HRTF  ILD,  and  the more 
constant across the range of stimulus levels tested. By contrast, the ILD was comparable for 
the MOC2, MOC3 and STD strategies, was smaller than the HRTF ILD, and nearly halved as the 









Figure 5.4. Overall output  level at the  left ear (LE, top row), right ear (RE, middle row), and  ILD 
(bottom row) as a function of azimuth location for noise‐vocoded stimuli with STD, MOC1, MOC2, 
and MOC3 sound processors with 10 frequency channels. The MOC3 strategy was  implemented 
with  BWref  =  BW#5.  Also  shown  are  the  amplitudes  at  the  input  of  the  processors  and  the 
corresponding  ILDs, depicted as HRTF. Each column shows results  for a different stimulus  level, 
from 40 to 10 dB FS, as indicated at the top of the column. 
5.3.2. Localization with the MOC1 and STD strategies 
Neither  the  angle  error nor  the  correlation  coefficient  for each  individual participant  from  the 
smaller North Carolina group (N = 3) were outside the mean plus or minus two standard deviations 














































































































































































































MOC1  and  STD  strategies.  Chance  performance  for  the North  Carolina  and  Salamanca  setups 

































Number of trials: 8      Angular RMS error(deg): 16.7705 PEARSON: 0.93686























Number of trials: 8      Angular RMS error(deg): 17.8933 PEARSON: 0.94126























Number of trials: 8      Angular RMS error(deg): 21.9892 PEARSON: 0.92255













































































































Figure. 5.6. Angle error  for  the MOC1 and STD strategies, as  indicated by  the  inset. Results are 




participants  showed  higher  (better)  correlation  coefficients with  the MOC1  than with  the  STD 
strategy and three participants (SA004, SA005 and SA008) showed similar correlation coefficients 
with  the  two  strategies. Kolmogorov‐Smirnov  tests  (with Lilliefors correction)  revealed  that  the 
correlation coefficients for the STD and MOC1 strategies each conformed to a normal distribution 
(p>0.200). The group mean correlation coefficient was higher (better) with the MOC1 (mean ± s.d. 
=  0.92  ±  0.024)  than with  the  STD  strategy  (0.89  ±  0.037)  and  the  difference was  statistically 
significant (two‐tailed, paired Student's t‐test, p = 0.005, N = 12). 
 
Figure  5.7.  Correlation  between  presentation  and  response  azimuth  for  the MOC1  and  STD 
strategies, as indicated by the inset. Results are shown for each individual participant and the mean. 
Higher values indicate better performance. Note that the ordinate scale starts at 0.75 rather than 
zero  to  better  show  small  differences.  Error  bars  for  the mean  scores  illustrate  one  standard 
deviation. **: p ≤ 0.01. 
Figure 5.8A allows a  comparison of group mean angle error  scores  for  the MOC1 and  the STD 
strategy  for each  azimuth  location.  The  two  strategies produced  similar errors  (within ±2)  for 
azimuths at or near ±30 (Fig. 5.8B). The MOC1 strategy, however, tended to improve lateralization 





















































between 15and  +15)  and  on  the  far  sides  (i.e.,  for  azimuths  ≥+60  or  ≤‐60). A RMANOVA 
revealed a statistically significant effect of processing strategy [F(1,11)=10.52, p=0.008]. However, 
neither  the  effect  of  azimuth  angle  [F(10,110)=1.37,  p=0.220]  nor  the  interaction  between 
processing strategy and azimuth angle were statistically significant [F(10,110) = 0.85, p = 0.581]. 
 
Figure  5.8.  A.  Mean  RMS  error  angle  for  each 


















have  degraded  his  performance.  For  these  reasons, MOC3  scores  for  participant  SA008 were 
omitted from the mean values in Figure 5.9 and from the following statistical analyses.  
Kolmogorov‐Smirnov tests (with Lilliefors correction) showed that angle error scores conformed to 




Kolmogorov‐Smirnov  tests  (with  Lilliefors  correction)  revealed  that  the  correlation  coefficient 






















































p=0.011). A  Friedman  test  revealed  a  statistically  significant  difference  in  correlation  between 
actual and reported azimuth depending on the strategy [χ2(3)=9.343, p=0.025]. Post‐hoc pairwise 
analysis with Wilcoxon signed‐rank revealed a trend for better (higher) correlation with the MOC1 
than  with  any  other  processing  strategy  (STD  vs. MOC1:  Z=2.521,  p=0.012;  STD  vs. MOC2: 
Z=0.140, p=0.889; STD vs. MOC3: Z=0.507, p=0.612; MOC1 vs. MOC2: Z=2.240, p=0.025; MOC1 
vs. MOC3: Z=2.197, p=0.028; MOC2 vs. MOC3: Z=0.338, p=0.735). However, none of the pairwise 





the mean across participants. Error bars  for  the mean  scores  illustrate one  standard deviation. 






We have  shown  that,  compared  to  the  STD  strategy,  the MOC1  strategy  (with  fast, binaurally 
coupled dynamic compression) enhances ILD cues (Figs. 5.3 and 5.4) and improves the localization 
of acoustic stimuli in a virtual horizontal plane (Figs. 5.6 and 5.7). Alternative implementations of 

































































For  the  present  (200‐ms  long)  stimuli,  the MOC1  strategy  produced  the  largest  ILDs  and  the 
steepest ILD‐versus‐azimuth function. Furthermore, ILDs for the MOC2, MOC3 and STD strategies 







































stimuli would  hardly  increase  the  ILDs  produced  by  the MOC1  strategy  because  contralateral 




















for  the  practice measurement  session  (M1, 
abscissa) and the test session (M2, ordinate). 
Different  symbols  illustrate  results  for 
different processing strategies, as shown by 
the inset. Open symbols illustrate results for 
six  (MOC2  and MOC3  strategies)  or  seven 
(STD  and  MOC1  strategies)  individual 



















































































error was 22.7 versus 25.3,  respectively). The MOC  strategies were designed  to  reinstate  the 
contralateral, dynamic control of compression mediated by the natural contralateral MOC reflex, 
which is absent for BiCI users (Lopez‐Poveda et al., 2016b; Lopez‐Poveda, 2018). If successful, one 
would  expect  the  performance  of  BiCI  users  with  the  MOC  strategies  to  be  closer  to  the 
performance of listeners with normal hearing in the same task. The comparison remains to be done. 












(1) Compared to a STD strategy  involving two  independently functioning sound processors with 
fixed back‐end compression, the MOC strategy with fast control of compression and greater 
inhibition  in  the  higher  frequency  channels  (MOC1),  slightly  improved  the  localization  of 
wideband (125‐6000 Hz) noise bursts in a virtual horizontal plane. 
(2) MOC  implementations  that  involved  slower  control of  compression, and/or  slightly greater 
inhibition in the lower than in the higher frequency channels (MOC2 and MOC3 strategies) also 
provided larger ILDs that the STD strategy for sufficiently long stimuli (>1 s). However, for the 
shorter  (200‐ms)  noise  bursts  employed  here,  the  localization  performance  with  these 
strategies was not significantly different from that with the STD strategy. 







SPEECH INTELLIGIBILITY WITH 

















it  could be  easily  implemented  in  a binaural CI device  and would  theoretically preserve head‐







FS  without  AGC,  the  level  tested  in  previous  MOC  studies  that  corresponds  to  a  typical 










had  participated  in  previous  tests  of  the  MOC  strategy  (identified  as  SA014  in  Chapter  4), 
participants had not been tested in the laboratory before. 
6.2.2. Stimuli 







The sentence material used  to  test each participant  is shown  in Table 6.1. The use of different 
sentence material  for  different  participants was  deemed  reasonable  because  the  aim was  to 
compare performance  across  two processing  strategies  tested with  the  same  speech material, 
rather  than  to  compare performance  across participants.  In other words,  any effect of  speech 
material was assumed to affect the two strategies equally. 
Speech reception thresholds were measured for sentences masked by SSN and an iFFM. The SSN 
from  the matrix  test or  the HINT was used when  SRTs were measured using matrix  and HINT 
sentences, respectively. A different SSN or iFFM token was used to mask each sentence. The masker 
started 500 ms before the sentence onset and ended 100 ms after the sentence offset and was 







Table 6.1. Conditions and  stimuli used  to  test each participant. HINT: hearing‐in‐noise  test 
sentences. Matrix: matrix  sentences.  SSN:  speech‐shaped noise  for HINT  sentences. Matrix 
noise:  speech‐shaped  noise  for  matrix  sentences.  iFFM:  international  female  fluctuating 
masker. n.m.: not measured. 
Masker type  SSN  iFFM 
Speech level (dB FS)  38  28  48  38  38 
Listening mode  Bilateral  Bilateral  Bilateral  Unilateral  Bilateral 


































































































































were administered  in  random order.  In bilateral  listening with speech at 38 dB FS, each block 
involved measuring  10  SRTs  (2  strategies   5  spatial  configurations).  In  bilateral  listening with 
speech at 28 and 48 dB FS and in unilateral listening with speech at 38 dB FS, each block involved 
measuring 6  SRTs  (2  strategies × 3  spatial  configurations). Therefore, a  total of 114 SRTs were 















(1) That all participants would be able  to  recognize  sentences presented at 48 dB FS,  the 
lowest  speech  level  tested,  i.e.,  that audibility would not be an  issue  for discriminating 

























the open  symbols  in  Fig. 6.1). The  exception was participant  SA024, which performed 
































MOC3‐FS4  at  S15N15  (p=0.028)  and  at  S90N90  (p=0.043).  However,  when  the  p  values  were 




























STD_FS4 MOC3_FS4 STD_FS4 MOC3_FS4 STD_FS4 MOC3_FS4
SA021 SA022 SA023 SA024
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Each panel  is  for a different spatial configuration, as  indicated at  the  top. Bottom  (F‐J). Speech 







effect  of  test  condition  (given  by  processing  strategy  and  spatial  configuration)  [χ2(9)=54.82, 
p<0.001]. However, post‐hoc pairwise Wilcoxon  signed‐rank  tests with  and without Bonferroni 
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strategy  than with  the  STD‐FS4  strategy  for all  spatial  configurations  (Fig. 6.5). Friedman’s  test 
showed  that  the  main  effect  of  strategy  on  SRTs  was  not  significant  [χ2(1)=0.529,  p=0.467]. 






















































































































































































































































































































































































SRTs were  equal  or  better with  the MOC3‐FS4  than with  the  STD‐FS4  strategy  for  all  spatial 










In this section, we compare SRTs  in noise measured  in bilateral versus unilateral  listening. Recall 
that unilateral listening involved listening with the self‐reported better ear. Therefore, this section 














































































































































































































individual participant, as  indicated at  the  top of each panel. The bottom row shows mean SRTs 



































































































































































with  increasing  test  number,  even  though  unilateral  listening  tests  (light  blue  symbols), which 















illustrated  in Fig. 6.8 was unlikely due to participants  learning the sentences and  instead,  it was 
more likely due to participants learning how to perform the task. This finding should be considered 
when interpreting past and previous findings. 
For  each  test  condition  [defined by  the  speech  level, masker  type  (SSN or  iFFM)  and  listening 
modality  (bilateral  listening  or  unilateral  listening  with  the  better  ear)],  the  learning  effects 
appeared to be similar to the learning effects along the whole set of data except for the first test 





conclusions  on  the  effect  of  strategy,  spatial  configuration,  or  their  interaction  on  the  SRTs 
measured within any one of the five tested conditions (see below). The same is true for previous 









SA023, SA024, SA026 and SA027). Values are pooled  for all  tested  conditions,  including different 










Learning, however, needs not be  the only  factor  that contributed  to  the better performance  in 
unilateral  than  in  bilateral  listening.  Some  studies  have  shown  that  bilateral  stimulation  can 




reaching  the  two  ears may  not  conduct  electrodes  innervating  coincident  regions  of  the  two 





arrays,  their  placement  in  each  participant’s  cochleae,  and  neural  survival  could  have  been 
mismatched  across  the ears. This mismatch  could have decreased binaural  sensitivity,  reduced 

















































































































































listening  tests.  Further  research  would  be  necessary  to  elucidate  the  factor(s)  causing  the 
differences in binaural advantage across the two studies. 
6.5. CONCLUSIONS 










(2) For bilateral CI users tested  in unilateral  listening, mean SRTs were equal or better with the 











LISTENING EFFORT WITH VARIOUS 





the effect of MOC processing on  listening effort  is yet  to be  investigated. This  chapter aims at 





hypothesized  that  in  noise  and  at  any  given  SNR,  the MOC  strategy  reduces  listening  effort 






response  time  to  compare  listening  effort with  the  STD‐FS4  strategy  and with  the MOC3‐FS4 




















In  Study  1,  listening  effort was  assessed  as described  in  Section  3.6.1.  The  target words were 












MOC  strategy  can  improve  intelligibility  in  noise.  Therefore, we  expected MOC  processing  to 














configuration  (S15N15  and  S60N60).  Also  shown  are  the  group mean  values.  These  values 
correspond to those shown in Fig. 4.6. 
    Strategy 
Condition  Participant  STD  MOC1  MOC2  MOC3 
S15N15  SA009  3.3  3.7  4.7  3.3 
  SA010  7.8  7.9  8.5  8.1 
  SA011  4.6  4.3  4.9  5.4 
  SA014  2.3  4.8  4.1  4.9 
  SA015  5.9  4.8  7.5  7.6 
  SA016  3.8  4.9  4.0  4.9 
  Mean  4.0  4.9  5.2  5.1 
  s.d.  2.5  1.4  2.1  2.2 
S60N60  SA009  5.3  6.9  7.1  7.7 
  SA010  13.7  15.9  10.6  15.2 
  SA011  7.3  8.2  7.0  9.6 
  SA014  8.6  9.5  10.5  8.4 
  SA015  10.8  10.5  11.1  12.1 
  SA016  5.4  9.1  6.5  7.0 
  Mean  8.3  9.3  8.2  9.3 




Condition  Participant  STD‐FS4  MOC3‐FS4 
S15N15  SA021  2.6  4.0 
  SA022  1.5  0.4 
  SA023  1.8  1.7 
  SA024  6.9  4.9 
  SA025  3.5  4.7 
  SA026  3.5  3.3 
  SA027  2.5  1.4 
  Mean  1.2  1.0 
  s.d.  3.7  3.4 
S60N60  SA021  0.1  4.0 
  SA022  1.3  3.3 
  SA023  6.7  5.3 
  SA024  2.0  0.3 
  SA025  9.6  9.7 
  SA026  9.1  6.6 
  SA027  1.4  3.0 
  Mean  2.9  4.6 






















words. An  arcsine  transformation6 was  applied  to  each  of  the  two  proportions  to make  them 
suitable for further statistical analyses (Studebaker, 1985; Studebaker et al., 1995):  
𝑇 AU arcsin arcsin
 
  ,          (7.1) 
where s denotes the number of correct responses, N is the number of trials (10 in this case), and T 
is the transformed proportion in arcsine units (AU). 
Because  three measurements of  recognized and  recalled words were obtained per condition, a 
transformed proportion (in AU units) was calculated for each of the three measurements and the 
mean was taken as the final transformed proportion. 
Data were  analyzed  separately  for  the  two  spatial  configurations  tested  (S15N15  and  S60N60). 
Shapiro‐Wilk tests were used to test if the distributions of recognized words, recalled words, and 
response times were normal (Gaussian). When this happened, parametric RMANOVAs were used 












































For  the  S15N15  spatial  configuration,  Shapiro‐Wilk  tests  showed  that word  recognition  scores 
conformed to a normal distribution, thus it was justified to use a two‐way RMANOVA to test for the 
effect  processing  strategy  and  SNR  on  word  recognition  scores.  The  RMANOVA  revealed  no 
significant effects of processing strategy  [F(3,15)=2.070, p=0.147] or of  the  interaction between 
strategy  and  SNR  [F(6,30)=0.733,  p=0.627].  The  effect  of  SNRs  was  statistically  significant 
[F(2,10)=13.033, p=0.002]. Post‐hoc pairwise comparisons with Bonferroni corrections revealed a 
significantly  higher  proportion  of  recognized  words  at  +5  dB  SNR  than  at  the  individual  SRT 
(p=0.008). However, we found no statistically significant differences between the proportions of 







s.d.=0.339,  p=0.009),  so  it was  justified  to  use  a  Friedman  test  to  evaluate  the  effect  of  test 
condition on word  recognition  scores. The  test  revealed a  statistically  significant effects of  test 
condition [χ2(11)=27.849, p=0.003] (note that there were 12 test conditions = 4 strategies × 3 SNRs). 
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proportion  of  recognized  words  with  the MOC2  strategy  in  quiet  than  at  the  individual  SRT 
(p=0.002), and at +5 dB SNR than at the individual SRT (p=0.002); and with the MOC3 strategy at +5 






strategy  on  word  recall  [F(3,15)=2.783,  p=0.077].  It  revealed  a  significant  effect  of  SNR 




The  RMANOVA  also  revealed  a  significant  interaction  between  processing  strategy  and  SNRs 





























axis  shows  the  scores expressed  in AU units, and  the  right axis  shows  corresponding  scores  in 
percentage.  Each  data  point  is  the mean  score  for  seven  participants.  Error  bars  indicate  one 
standard error of the mean (N=7). 




































































































































The  left and right panels  illustrate response times  for the S15N15 and S60N60 spatial configurations, 
respectively.  Each  panel  illustrates  response  times  for  three  different  SNRs  (abscissae)  and  two 
different processing strategies, as  indicated by the  inset. In the two panels, error bars  illustrate one 
standard error of the mean (N=7). 
Response times tended to increase with decreasing the SNR (i.e., they tended to be shorter in quiet 
than  for words  in noise at  the  individual SRT). This  is consistent with expectations because  the 
individual SRTs were generally negative across conditions (Table 7.2) and made word recognition 
harder  (Fig.  7.2A).  In  addition,  response  times were  similar  for  the  two  processing  strategies. 
Friedman tests revealed that response times were not statistically significantly different for any of 
the  six  test  conditions  (2  strategies    3  SNRs),  neither  for  the  S15N15  spatial  configuration 
[χ2(5)=3.816,  p=0.576]  nor  for  the  S60N60  spatial  configuration  [χ2(5)=5.367,  p=0.373].  In  other 















































are  pooled  across  seven  participants,  two  processing  strategies  (STD‐FS4  and MOC3‐FS4),  two 
spatial configurations (S15N15 and S60N60), three different SNRs (quiet, +5 dB SNR and individual 
SRT in noise), and three estimates per test condition for each participant (252 points in total). The 






through  the  STD, MOC1, MOC2, and MOC3  strategies, none of which  involved  FS4 processing. 
Listening  effort was  assessed  using  a  dual‐task  paradigm,  i.e., we measured word  recognition 





































processed  through  the STD  than  the MOC  strategies because  the STD  strategies were closer  to 
those implemented in their clinical devices 
In the two studies, word recognition and word recall scores tended to be better at +5 dB SNR than 
in quiet or at  the  individual SRT  in noise,  regardless of  spatial configuration. This was probably 
because individual SRTs in noise were generally (very) negative for most participants (Table 7.1 and 





al.,  2015).  However,  there  is  some  uncertainty  about  whether  measures  of  the  behavioral 












For the two spatial configurations  tested, we  found no significant differences  in response  times 
across sound‐processing strategies and SNRs. However, we saw that response times increased with 
decreasing SNR (Fig. 7.3), which seems reasonable because speech recognition gets harder with 

















would  be  reflecting  in  themselves  the  effort  experienced  by  the  listeners.  However,  word 
recognition scores were correlated with verbal response times (Fig. 7.5A) as well as with word recall 
scores (Fig. 7.5B) when the data were pooled across processing strategies, spatial configurations 








number of  recognized words. Data are pooled across  the seven subjects,  two processing strategies 












performance and  contributed  to  the  lack of  significant effects of  the effort experienced by  the 
participants with each strategy. The type of background noise influences listening effort (Larsby et 





























































This  suggests  that  those  two  measures  possibly  reflected  changes  in  listening  effort 
corresponding to changes in listening demands. 











GENERAL DISCUSSION  
The MOC strategy is a binaural CI sound‐processing strategy with dynamic, contralateral control of 
acoustic‐to‐electric compression inspired by the natural MOCR (Lopez‐Poveda et al., 2016a, 2016b, 




with  a  STD  strategy  that  involved  using  two  independently  functioning  devices  with  fixed 





implementation  of  the MOC  strategy  that  reflects more  realistically  the  characteristics  of  the  
natural MOCR (termed MOC3 strategy), particularly a slower time course of contralateral inhibition 







control of  compression  and  greater  inhibition  in  the higher  frequency  channels),  improves  the 
localization of brief  (200 ms) wideband  (125‐6000 Hz) noise bursts  in a virtual horizontal plane, 
because it enhances the head‐shadow ILDs. More realistic implementations of the MOC strategy 
with  slower  control  of  compression,  and/or  slightly  greater  inhibition  in  the  lower  frequency 
channels  (MOC2  and MOC3  strategies)  also  provide  larger  ILDs  than  the  STD  strategy  but  for 
sufficiently long stimuli (>300 ms).  
In  Chapter  6,  it  has  been  shown  that  the  benefits  of MOC3  processing  for  the  recognition  of 





































variety  of methods  is  currently  used  in  research  settings  to  assess  listening  effort,  including 
behavioral and physiological measures (see the review in Section 3.6). It is not clear if and to what 
extent  the  different methodologies  tap  into  the  same  construct  of  effort  because  they  rarely 
















beamformers  designed  to  track  a  moving  sound  source  of  interest  in  diffuse‐field  noise 
backgrounds  can  improve  SRTs by  about 4.5 dB  (Adiloğlu et  al., 2015)  and other binaural pre‐






listener  is  insensitive  to  the corresponding  ITD, as might be  the case  for  typical BiCI users. The 
method was tested on bilateral hearing‐aid users using simulated hearing aids. The algorithm did 
not improve the localization of noise sources but improved the localization of speech sources by a 
few  degrees  at  some  azimuths  (the  mean  improvement  across  azimuths  was  not  reported). 
Dieudonné and Francart (2018) proposed to enhance head‐shadow ILDs using a fixed beamformer 
with contralateral attenuation  in each ear. The method was  tested on normal hearing  listeners 
simulating bimodal stimulation (i.e., listening with a simulated CI in one ear and a simulated hearing 
loss in the other ear). Root‐mean‐square localization angle errors improved from 50.5 without the 






decreased  from  28.4  without  ILD  enhancement  to  20.6  with  enhancement.  Brown  (2018) 
proposed a sound‐processing strategy intended to provide BiCI with larger than normal ILD cues. 
Mean angle error  improved  from 31.0 without enhancement  to 12.8 with  ILD enhancement. 







and/or  spatial  configurations.  Insofar  as  a  comparison  is  possible,  however,  the  average  SRT 
improvement provided by MOC processing (1.6 dB SNR across the spatial configurations tested in 
Chapter 4) appears smaller than the benefit provided by some of those approaches. Binaural pre‐







microphone per ear, no a priori assumptions about  the signal of  interest, no signal  tracking, no 









used  in combination with  linked AGC. On  the other hand, MOC processing can be  theoretically 
implemented with any CI sound‐coding strategy  that does not already utilize dynamic back‐end 
compression. Indeed, the study reported in Chapter 6 demonstrates that MOC3 processing can be 
combined with FS4 processing and that when used  in combination with  linked AGC,  it produces 










We  are  confident,  however,  that  re‐using  the  sentences  did  not  contribute  to  the  reported 
differences  in  SRTs  across  strategies  (or  spatial  configurations)  because  anyone  testing  block 
involved testing all four processing strategies (and spatial configurations) in random order, before 



























(Pichora‐Fuller et al., 2016). A  second  limitation  is  that  the  response  time might not always be 
sensitive to  listening effort. For  instance, a greater difficulty of the task could result  in  increased 
effort to maintain the same level of performance without observing differences in response time. 
Alternatively, it is possible that increased effort to maintain task performance may result in shorter 

















explained  earlier,  however,  the MOC1  strategy  has  potential  drawbacks:  (1)  it  can  reduce  the 
speech information in the ear opposite to the target source (i.e., the ear with the worse acoustic 
SNR), which could potentially hinder intelligibility in unilateral listening when the implant ear has 
the  worse  acoustic  signal‐to‐noise  ratio;  and  (2)  the  mutual  inhibition  between  the  pair  of 
processors  can  decrease  the  overall  stimulation  levels  and  thus  audibility, which  could  hinder 
intelligibility in bilateral or unilateral listening when the two CIs (or processors) have input signals 







brief  sounds  (< 1  second  in duration)  such as  those employed  in  the present  localization  tests 
(Chapter 5). As discussed in Chapter 5, however, the MOC2 strategy and to some extent also the 
MOC3 strategy could provide ILDs closer to those of the MOC1 strategy for longer stimuli.  

























It would  also  be  important  to  test  the MOC  strategy  in more  realistic  listening  environments. 
Because everyday hearing is dynamic (i.e., people and objects are mobile) and MOC processing is 


































the  higher‐frequency  than  in  the  lower‐frequency  channels  (MOC1),  slightly  improves  the 
localization  of  shorter  (200  ms)  stimuli  in  a  virtual  horizontal  plane.  However,  MOC 
implementations that involve slower control of compression, and/or slightly greater inhibition 
in  the  lower‐frequency  than  in  the higher‐frequency channels  (MOC2 and MOC3 strategies) 
also provide theoretical benefits for sufficiently long stimuli (>1 s). 







for a  reasonably wide  range of speech  levels  (28, 38 and 48 dB FS),  for multiple spatial 
configurations, and for steady‐state and fluctuating maskers. 
(4) Bilateral CI users experience approximately  the same  listening effort during a word‐in‐noise 
recognition task for sounds processed with the various STD and MOC strategies tested here. 
(5) Altogether,  the present  studies  show  that MOC processing  can  improve  the  localization of 
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Objectives: Cochlear implant (CI) users continue to struggle under-
standing speech in noisy environments with current clinical devices. 
We have previously shown that this outcome can be improved by using 
binaural sound processors inspired by the medial olivocochlear (MOC) 
reflex, which involve dynamic (contralaterally controlled) rather than 
fixed compressive acoustic-to-electric maps. The present study aimed 
at investigating the potential additional benefits of using more realistic 
implementations of MOC processing.
Design: Eight users of bilateral CIs and two users of unilateral CIs par-
ticipated in the study. Speech reception thresholds (SRTs) for sentences 
in competition with steady state noise were measured in unilateral and 
bilateral listening modes. Stimuli were processed through two independ-
ently functioning sound processors (one per ear) with fixed compres-
sion, the current clinical standard (STD); the originally proposed MOC 
strategy with fast contralateral control of compression (MOC1); a MOC 
strategy with slower control of compression (MOC2); and a slower MOC 
strategy with comparatively greater contralateral inhibition in the lower-
frequency than in the higher-frequency channels (MOC3).  Performance 
with the four strategies was compared for multiple simulated spatial 
configurations of the speech and noise sources. Based on a previously 
published technical evaluation of these strategies, we hypothesized that 
SRTs would be overall better (lower) with the MOC3 strategy than with 
any of the other tested strategies. In addition, we hypothesized that the 
MOC3 strategy would be advantageous over the STD strategy in listening 
conditions and spatial configurations where the MOC1 strategy was not.
Results: In unilateral listening and when the implant ear had the worse 
acoustic signal-to-noise ratio, the mean SRT was 4 dB worse for the 
MOC1 than for the STD strategy (as expected), but it became equal or 
better for the MOC2 or MOC3 strategies than for the STD strategy. In 
bilateral listening, mean SRTs were 1.6 dB better for the MOC3 strategy 
than for the STD strategy across all spatial configurations tested, in-
cluding a condition with speech and noise sources colocated at front 
where the MOC1 strategy was slightly disadvantageous relative to the 
STD strategy. All strategies produced significantly better SRTs for spa-
tially separated than for colocated speech and noise sources. A statisti-
cally significant binaural advantage (i.e., better mean SRTs across spatial 
configurations and participants in bilateral than in unilateral listening) 
was found for the MOC2 and MOC3 strategies but not for the STD or 
MOC1 strategies.
Conclusions: Overall, performance was best with the MOC3 strategy, 
which maintained the benefits of the originally proposed MOC1 strategy 
over the STD strategy for spatially separated speech and noise sources 
and extended those benefits to additional spatial configurations. In addi-
tion, the MOC3 strategy provided a significant binaural advantage, which 
did not occur with the STD or the original MOC1 strategies.
Key words: Binaural advantage, Binaural hearing, Binaural sound proc-
essor, Olivocochlear efferents, Spatial masking release, Speech-in-noise 
intelligibility.
(Ear & Hearing 2020;XX;00–00)
INTRODUCTION
Cochlear implants (CIs) are vastly successful but still open to 
improvement. Many users of CIs reach close-to-normal speech 
intelligibility in quiet environments (Wilson & Dorman 2007, 
2008), but their intelligibility in noisy settings is still poorer 
than normal (Schleich et al. 2004; Loizou et al. 2009; Misurelli 
& Litovsky 2015; Wilson 2018). We have recently shown that 
for some listening conditions, the intelligibility of speech in 
competition with other sounds can be improved by using audio 
processors with binaurally coupled back-end compression in-
spired by the medial olivocochlear (MOC) reflex, an approach 
referred to as the “MOC strategy” (Lopez-Poveda et al. 2016a, 
2017). Here, we report wider benefits of this strategy with more 
realistic implementations of the natural MOC reflex.
In healthy ears, the nonlinear mechanical vibration of the 
organ of Corti “maps” a wide range of acoustic pressure into 
a narrower (compressed) range of basilar membrane displace-
ment (Robles & Ruggero 2001). The mapping, however, and 
thus the amount of compression, changes with activation of 
MOC efferents. MOC efferent activation suppresses the elec-
tromotility of outer hair cells in response to low-level sounds 
(Brown et al. 1983; Brown & Nuttall 1984). This linearizes bas-
ilar membrane input/output curves by inhibiting the amplitude 
of basilar membrane vibrations to low-level sounds without 
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significantly changing the response to high-level sounds (Muru-
gasu & Russell 1996; Cooper & Guinan 2006). In quiet back-
grounds, this linearization causes a mild increase in audiometric 
thresholds (Smith et al. 2000; Kawase et al. 2003; Aguilar et al. 
2014). In noise, it restores the dynamic range of neural responses 
(Winslow & Sachs 1988) and releases neural responses from 
masking (Nieder & Nieder 1970), which presumably improves 
the neural coding of transient speech features and the intelligi-
bility of speech in noise (see Lopez-Poveda 2018). Attention, as 
well as ipsilateral and contralateral sounds, can activate MOC 
efferents during natural listening, thereby adjusting compres-
sion dynamically and producing the “antimasking” effects just 
described. Normal-hearing individuals who have weak MOC 
reflexes have relatively poorer speech-in-noise perception (e.g., 
Mishra & Lutman 2014), which suggests that the antimasking 
effects of MOC reflex activation facilitate the intelligibility of 
speech in noise (see Lopez-Poveda 2018).
The electrical stimulation delivered by CIs is independent 
from MOC efferents, which might contribute to the greater 
difficulties experienced by CI users understanding speech in 
competition with other sounds compared with normal-hearing 
listeners. The MOC strategy was conceived to reinstate some 
efferent effects with CIs and other hearing devices (Lopez-
Poveda 2015). Similar to the normal ear, the audio processor in 
a CI includes instantaneous compression at the back end in each 
frequency channel of processing to map a wide range of acoustic 
pressure into a narrower range of electrical current (Wilson 
et al. 1991, 2005; Wouters et al. 2015). The standard today is 
for this compression to be fixed (i.e., invariant over time). In 
the MOC strategy, by contrast, the amount of compression is 
conceived to change dynamically depending on control signals 
carefully selected to mimic attentional and/or reflexive efferent 
effects on compression (see Lopez-Poveda 2015; Lopez-Poveda 
et al. 2016b).
To date, the MOC strategy has been implemented and tested 
with contralateral control of compression to mimic the effects 
of the contralateral MOC reflex (attentional control and ipsilat-
eral control of compression are foreseen but have not yet been 
investigated). The implementation involved on-frequency con-
tralateral inhibition with short (2 msec) time constants for the 
activation and deactivation of the inhibition. Compared with 
using two independently functioning processors with fixed 
compression (the current clinical standard or STD), the MOC 
strategy enhanced the speech information in the ear with the 
better acoustic signal-to-noise ratio (SNR) (see later). As a re-
sult, the MOC strategy improved intelligibility for bilateral CI 
users when the target and interferer sound sources were spatially 
separated and for unilateral CI users when the implanted ear had 
the better acoustic SNR (see Lopez-Poveda et al. 2016a, 2017). 
The strategy, however, had potential drawbacks: (1) it reduced 
the speech information in the ear with the worse acoustic SNR, 
which could potentially hinder intelligibility in unilateral lis-
tening when the implant ear had the worse acoustic SNR (Note 
that the MOC strategy always involves two microphones (one 
per ear) and bilateral processing, as if users were wearing two 
CIs. In unilateral listening tests, the pattern of electrical stimu-
lation is calculated for the two ears, but electrical stimulation is 
actually delivered only to the implant ear.); and (2) the mutual 
inhibition between the pair of processors decreased the overall 
stimulation levels and thus audibility, which could hinder intel-
ligibility in bilateral or unilateral listening when the two CIs (or 
processors) have identical input signals. (It is unlikely that bilat-
eral CI users will have identical input signals at their implants 
in natural listening conditions. Identical inputs, however, can 
occur in well-controlled laboratory tests for colocated speech 
and interferer sources.)
The original implementation and parameters of the MOC 
strategy were chosen based on pilot comparisons of intelli-
gibility for normal-hearing listeners presented with speech 
vocoded through the MOC and STD strategies (Lopez-Poveda 
& Eustaquio-Martin 2014). Such implementation and param-
eters disregarded aspects of the natural MOC reflex including 
the rather slow time courses for activation and deactivation of 
inhibition (Cooper & Guinan 2003; Backus & Guinan 2006), 
the possibility that the inhibition of basilar membrane responses 
be greater in apical than in basal cochlear regions (Lilaonitkul 
& Guinan 2009; Aguilar et al. 2013), and the possibility that 
the largest MOC reflex inhibition occurs when the contralat-
eral sound elicitor is one-half octave below the probe frequency 
(Lilaonitkul & Guinan 2009). Lopez-Poveda and Eustaquio-
Martín (2018) used the short-term objective intelligibility 
(STOI) to explore the potential benefits of MOC processing 
with more realistic implementations of natural MOC effects. 
STOI is an objective measure of the amount of information at 
the output of a sound processor (Taal et al. 2011). It is the av-
erage linear correlation (over time and frequency) between the 
unprocessed speech in quiet and the processed speech in noise. 
It is a scalar value between 0 and 1 that is expected to have a 
monotonic relation with the percentage of correctly understood 
speech tokens averaged across a group of listeners. The tech-
nical evaluation of Lopez-Poveda and Eustaquio-Martín pre-
dicted that the use of longer time constants for activation and 
deactivation of contralateral inhibition, combined with com-
paratively greater inhibition in the lower-frequency than in the 
higher-frequency channels, can overcome the shortcomings of 
the original MOC-strategy implementation and even improve 
the signal information in the ear with the worse acoustic SNR. 
In addition, the technical evaluation predicted no benefit of 
implementing a half-octave frequency offset in the contralateral 
control of inhibition.
The main aim of the present study was to experimentally con-
firm some of these predictions with actual CI users. A second 
aim was to investigate the potential binaural advantage provided 
by MOC processing. We measured speech reception thresholds 
(SRTs) for sentences presented in competition with steady state 
noise, in unilateral and bilateral listening modes, and for mul-
tiple spatial configurations of the speech and noise sources. 
SRTs were measured with the STD strategy, the “original” fast 
MOC strategy (MOC1), a slower MOC strategy (MOC2), and 
a slower MOC strategy with comparatively greater contralateral 
inhibition in the lower-frequency than in the higher-frequency 
channels (MOC3). Measurements with a slower MOC strategy 
with offset contralateral control of inhibition were not con-
ducted because of time constraints and because, as explained 
earlier, no benefits were expected from it. To verify the supe-
rior performance of the more realistic MOC implementations 
predicted by the STOI simulations of Lopez-Poveda and Eusta-
quio-Martín (2018), we included spatial configurations of the 
speech and noise sources where intelligibility was expected to 
be worse with the original MOC1 than with the STD strategy. 
All tests were conducted on eight bilateral and two unilateral CI 
users not previously tested on any of the strategies.
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MATERIALS AND METHODS
The study was approved by the Ethics Review Board of the 
University of Salamanca.
Participants
Eight bilateral and two unilateral users of MED-EL CIs par-
ticipated in the study (Table 1). Two of the bilateral CI users 
were children (SA012 and SA013), two were teenagers (SA009 
and SA010), and four were adults (SA011, SA014, SA015, and 
SA016). The two unilateral CI users were adults (SA006 and 
SA007) and wore hearing aids in the ear contralateral to the CI. 
There was no particular reason for admitting participants of dif-
ferent ages to the study other than to increase the sample size 
(in Spain, adult bilateral CI users are scarce because the Spanish 
National Health Service covers bilateral implantation for chil-
dren and only rarely for adults). This is unlikely problematic be-
cause all participants were able to perform the task and the study 
explored within-subject effects only (the main factors were pro-
cessing strategy and spatial configuration). In other words, if any 
factor had made children perform differently from adults (e.g., 
Dubno et al. 2008; Eddins et al. 2018), the factor(s) in question 
would have affected all processing strategies equally.
All participants completed the whole set of tests except the 
two children and the unilateral CI users, who participated in 
a reduced number of conditions (see later). All participants 
were native speakers of Castilian Spanish. One of the children 
(SA013) had been living in Scotland for the last 4 years but he 
spoke Spanish at home. All participants were reported to per-
form very well with their implants. Participant SA009 had not 
been using his left implant for a month just before the start of 
the study because the audio processor was damaged.
Participants were volunteers and not paid for their service. 
They all signed an informed consent to participate in the study. 
None of them had been previously tested with any of the sound 
processing strategies used in the study.
Processing Strategies
Stimuli were processed through STD and MOC sound pro-
cessing strategies before their presentation to participants. The 
STD and MOC strategies were identical to each other except for 
the back‐end compression stage (Lopez-Poveda 2015; Lopez-
Poveda et al. 2016a). The processors in the two strategies were 
based on the Continuous Interleaved Sampling (CIS) strategy 
(Wilson et al. 1991). They included a high‐pass preemphasis 
filter (first‐order Butterworth filter with a 3‐dB cutoff frequency 
of 1.2 kHz); a bank of sixth‐order Butterworth band‐pass filters 
whose 3‐dB cutoff frequencies followed a modified logarithmic 
distribution between 100 and 8500 Hz; envelope extraction via 
full‐wave rectification and low‐pass filtering (fourth‐order But-
terworth low‐pass filter with a 3‐dB cutoff frequency of 400 Hz); 
a logarithmic compression function (fixed for STD and dynamic 
for MOC processors); and CIS of the compressed envelopes with 
biphasic electrical pulses. The number of filters in the bank was 
identical to the minimum number of active electrodes between 
the left and right implants (Table 1) and equal for the left‐ and 
right‐ear processors. The electrodes used for testing each partic-
ipant are shown in Table 1.
The logarithmic compression function in all processors was 
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    Left Right Left Right Left Right  Left Right
SA006 F 48 Genetic? HA 125 n/a 1–11
1–11
n/a 1653 Right n/a 5
SA007 M 49 Genetic? HA 125 n/a 1–11
1–11
n/a 1617 Right n/a 15
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1695 1099 Right 10 0




1754 1734 Left 5 5




1515 1485 Left 5 5




1485 1515 Right 10 10




1846 1143 Left 5 5




1405 1653 Left 5 5




1493 1478 Left 10 10
The better ear is as reported by the participant.
F, female; HA, hearing aid; M, male; MCL, maximum comfortable loudness; n/a, not applicable; pps, pulses per second; Thr, threshold.
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where x and y are the input and output envelopes to/from the 
compressor, respectively, both assumed to be within the in-
terval [0, 1]; and c is a parameter that determines the amount 
of compression.
STD Processors • For STD processors, c was set equal to 
1000 and fixed. This value differed slightly from the value of 
500 used by most of the participants in their clinical devices. 
The exceptions were the two unilateral CI users (SA006 and 
SA007), who were using c = 1000 in their clinical devices; 
the right-ear processor of SA010, which was configured with 
c = 600; the left-ear processor of SA014, which was configured 
with c = 900; and the left-ear processor of SA015, which was 
configured with c = 1000.
MOC Processors • In the MOC processors, the value of the 
compression parameter (c) in every frequency channel of pro-
cessing varied dynamically depending upon the time-weighted 
output level from the corresponding frequency channel in the 
contralateral processor. The relationship between the instanta-
neous value of c and the instantaneous contralateral output level 
(E) was such that the greater the output level, the smaller the 
value of c (on-frequency inhibition). Specifically, c varied be-
tween approximately 30 and 1000 for contralateral output levels 
of 0 and −20 dB full scale (FS; where 0 dB FS means 0 dB re 
unity), respectively, as in the previously published experimental 
studies of the MOC strategy (Lopez-Poveda et al. 2016a, 2017).
Inspired by the exponential time course of activation and de-
activation of the MOC reflex (Backus & Guinan 2006), in the 
MOC strategies, the instantaneous output level from the contra-
lateral processor was calculated as the root-mean-square ampli-
tude integrated over a preceding exponentially decaying time 





In previous experimental evaluations of the contralat-
eral MOC strategy, the instantaneous compression parameter 
c for every frequency channel of processing depended upon the 
output level from the corresponding contralateral frequency 
channel (E). Due to the pseudologarithmic distribution of band-
pass filter center frequencies, high-frequency channels had 
larger bandwidths than low-frequency channels. Therefore, for 
broadband signals, the output level and thus contralateral in-
hibition could have been greater for the higher-frequency than 
for the lower-frequency channels. To better control the amount 
of contralateral inhibition, after Lopez-Poveda and Eustaquio-
Martín (2018), for the present MOC processors, the value of 
c for each frequency channel depended on the contralateral 
output level for the corresponding channel normalized to the 
channel bandwidth; that is, c depended on E′ rather than E, 




′ = ⋅ ref ,  (2)
where BW is the channel bandwidth and BW
ref
 is the bandwidth 
of a reference frequency channel.
Tested Strategies
SRTs were measured with the STD strategy and with three 
implementations of the MOC strategy. The latter involved dy-
namic and binaurally coupled back-end compression with dif-
ferent parameters:
	 •  MOC1: This was the MOC strategy as implemented and 
tested originally (Lopez-Poveda et al. 2016b, 2017); that 




 = 2 msec) and with 
greater inhibition in the higher-frequency than in the 
lower-frequency channels (i.e., bandwidth normalization 
was not applied).
	 •  MOC2: This was an MOC1 strategy with time constants  
τ
a
 = 2 msec, τ
b
 = 300 msec, thus overall closer to the 
slower time course of activation and deactivation of the 
natural contralateral MOC reflex (Backus & Guinan 2006).
	 •  MOC3: This was an MOC2 strategy with bandwidth nor-
malization to simulate greater inhibition in the apical than 
in the basal frequency channels, thus closer to the charac-
teristics of the natural contralateral MOC reflex (Lilaonit-
kul & Guinan 2009). BW
ref
 was approximately equal to the 
bandwidth of median channel (the actual normalization 
channel was numbers 7, 6, 5, and 5 for participants with 
12, 11, 10, and 9 active channels, respectively). As shown 
later, this produced effectively greater inhibition in the 
lower-frequency than in the higher-frequency channels.
Further details about these strategies can be found in Lopez-
Poveda and Eustaquio-Martín (2018). The functioning of the 
various strategies is described later.
Equipment
The MATLAB software environment (R2014a; The Math-
works, Inc.) was used to perform all signal processing and im-
plement all test procedures, including the presentation of electric 
stimuli. Stimuli were generated digitally (at 20 kHz sampling 
rate, 16-bit quantization), processed through the corresponding 
coding strategy, and the resulting electrical stimulation patterns 
delivered using the Research Interface Box 2 (Department of 
Ion Physics and Applied Physics at the University of Innsbruck, 
Innsbruck, Austria) and each patient’s implanted receiver(s)/
stimulator(s).
Speech Reception Thresholds
Intelligibility in noise was assessed by measuring the SNR 
at which listeners correctly recognized 50% of the full sen-
tences that were presented. The resulting SNR will be referred 
to as the SRT. SRTs were measured using fixed-level speech (at 
−20 dB FS) and varying the noise level adaptively using a one-
down, one-up procedure. For reference, the speech level of −20 
dB FS corresponds approximately to 70 dB SPL in MED-EL 
clinical CI audio processors. For each SRT measurement, 30 
sentences were presented and participants were asked to repeat 
each sentence. A sentence was scored as correct when all its 
words were correctly recognized and incorrect when at least one 
of the words was not recognized. The first 10 sentences were 
always the same but were presented in random order for all par-
ticipants. They were included to give listeners an opportunity to 
become familiar with the processing strategy tested during the 
corresponding SRT measurement. The SNR changed in 3‐dB 
steps for the first 14 sentences and in 2‐dB steps for the final 17 
sentences, and the SRT was calculated as the mean of the final 
17 SNRs (the 31st SNR was calculated and used in the mean but 
not actually presented). If the SD of the 17 SNRs was greater 
than 3 dB, the SRT measurement was discarded and a new SRT 
was measured. Except for the two children (SA012 and SA013), 
three SRTs were measured in this way for each condition and 
the mean of the three measures was regarded as the final SRT. 
For the two children, only one SRT was measured per condition.
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SRTs were measured using the Castilian Spanish version 
(Huarte 2008) of the hearing-in-noise test (HINT) (Nilsson et al. 
1994) for a male target speaker. For the two children, SRTs were 
previously measured using the female sentences in the Span-
ish version of the Oldenburger Sentence Test (or “matrix” test) 
(Hochmuth et al. 2012). These SRTs, however, were regarded as 
part of the children’s training in the SRT task and were discarded 
from further analyses. In all cases, the masker was speech-shaped 
HINT noise. A different noise token was used to mask each sen-
tence. The noise started 500 msec before the sentence onset and 
ended 500 msec after the sentence offset and was gated with 
50-msec cosine-squared onset and offset ramps.
Spatial Configurations
For unilateral CI users, SRTs were measured with the 
implanted ear alone (the hearing aid was removed during test-
ing). For bilateral CI users, SRTs were measured in unilateral 
listening, involving listening with the self-reported better ear 
(Table 1), and in bilateral listening, involving listening with the 
two implants. SRTs were measured for five spatial configura-
tions of the speech and noise sources in unilateral listening and 
for four spatial configurations in bilateral listening. Spatial con-
figurations were different for different participants depending 
on the self-reported better ear of each participant. When the 
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. In all cases, 
the speech and noise sources were at eye level (i.e., their ele-




 notation, X and Y indicate 
the azimuthal angles (in degrees) of the speech (S) and noise 
(N) sources, respectively, with 0° indicating a source directly 
in front and positive and negative values indicating sources to 
the right and the left of the midline, respectively. Note that loca-
tions were chosen so that the speech source was always in front 
or toward the self-reported better ear of each participant (i.e., 
spatial configurations were symmetrical about the midline for 
participants with different better ears). For convenience, in what 
follows, results are reported as if the better ear was the right ear 
for all participants.
Spatial locations were achieved by convolving monophonic 
recordings with diffuse‐field equalized head-related transfer 
functions for a Knowles Electronics Manikin for Acoustic Re-
search and for speakers 1 m away from the center of the mani-
kin’s head (Gardner & Martin 1995).
Order of Testing
Unilateral listening tests were always administered first fol-
lowed by bilateral listening tests. For each of the two listening 
modes (bilateral or unilateral), measurements were organized 
in three blocks, one block for each of the three SRT estimates 
obtained per condition. In unilateral listening, each block in-
volved measuring 20 SRTs (4 strategies × 5 spatial configura-
tions). In bilateral listening, each block involved measuring 
16 SRTs (4 strategies × 4 spatial configurations). Within each 
block, conditions were administered in random order, except 




, which was always administered 
last. Typically, a block was completed in two sessions separated 
by a short break. Sometimes, however, two or three sessions 
on consecutive days were needed to complete a block of mea-
surements. If any individual SRT measurement did not meet the 
3-dB SD criterion (see earlier), an additional SRT measurement 
was obtained after the full set of unilateral and bilateral tests 
was completed.
Neither the experimenter nor the participant knew of 
the strategy that was being tested at any time (double-blind 
approach).
The Castilian Spanish HINT corpus consists of 6 practice 
lists and 20 test lists with 10 sentences per list. Measuring each 
SRT required using one practice list plus two test lists. There-
fore, the full protocol (adults and teenagers: 36 conditions × 
3 SRT measurements per condition; children: 36 conditions × 
1 SRT measurement per condition) involved using many more 
lists than were available. The lists used for each SRT measure-
ment were selected randomly, but the procedure was designed 
so that all lists were used approximately the same number of 
times. The sentences in each list were presented in random 
order every time the list was used. The potential effects associ-
ated to reusing the lists are discussed later.
Fitting and Loudness Level Balance
Before testing, the electrical current levels at maximum 
comfortable loudness (MCL) were measured using the method 
of adjustment. Minimum stimulation levels (i.e., thresholds) 
were set to individually measured values or to 0%, 5%, or 10% 
of MCL values (Boyd 2006), according to each participant’s 
preference (Table 1). Processor volumes were set using the STD 
strategy to ensure that sounds at the two ears were perceived as 
comfortable and equally loud and that a sentence filtered with 
the head-related transfer function for 0° elevation and 0° azi-
muth was perceived in the center of the head. A volume setting 
above 100% was required for some participants to achieve ap-
propriate loudness levels. This resulted in a linear scaling up 
of the programmed levels for MCL in a fitting map. Threshold 
and MCL levels, as well as processor volumes, remained con-
stant for each participant across conditions. They also remained 
constant for the MOC strategies to ensure that contralateral in-
hibition produced reductions in stimulation amplitudes (i.e., 
reduced loudness or audibility) relative to the STD strategy sim-
ilar to those that the natural contralateral MOC reflex produces 
for listeners with normal hearing (Smith et al. 2000; Kawase et 
al. 2003; Aguilar et al. 2014).
Statistical Analyses
The results from unilateral and bilateral listening tests 
were analyzed separately. For each listening mode, a two-way 
repeated-measures analysis of the variance (RMANOvA) was 
conducted to test for the effects of processing strategy (STD, 
MOC1, MOC2, and MOC3), spatial configuration, and their in-
teraction on group mean SRTs. The Greenhouse-Geisser correc-
tion was applied when the sphericity assumption was violated. 
Pairwise post hoc comparisons were conducted using Bonferroni 
corrections for multiple comparisons. All tests were two-tailed, 
and a result was regarded as statistically significant when 
p ≤ 0.05. Statistical analyses were conducted using SPSS v. 23.
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Fig. 1. Example compressed envelopes (A–L) and maplaw values (M–Y) for STD, MOC1, MOC2, and MOC3 strategies with 10 frequency channels. Data are 
shown only for three channels: channel number 3 (bottom row), channel number 5 (E–H and Q–T), and channel number 10 (top row) with center frequencies 
of 501, 1159, and 7230 Hz. The speech was the Castilian Spanish word “sastre,” and the masker was speech-shaped noise. The speech and the masker had 
levels at −20 dB FS (i.e., 0 dB SNR) and were located at +60° and −60° azimuth, respectively. The masker started 500 msec before the speech. Red and blue 
traces show data for the right and left ears, respectively. Note the overlap between the red and blue traces in panels M, Q, and U, indicating that the value 
of the maplaw parameter c was equal across the ears in the STD strategy (c = 1000). FS indicates full scale; MOC, medial olivocochlear; MOC1, original fast 
MOC strategy; MOC2, slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in 
the higher-frequency channels; SNR, signal-to-noise ratio; STD, standard.
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Comparative Analysis of STD and MOC Output Envelopes
In this section, we illustrate the functioning of the tested 
strategies. The top part of Figure 1(panels A–L) shows output 
envelopes for STD, MOC1, MOC2, and MOC3 processors with 
10 frequency channels, the typical number of channels used 
for the present participants (Table 1). For conciseness, output 
envelopes are shown only for three channels: channel numbers 
3 (bottom row), 5 (middle row), and 10 (top row), with center 
frequencies of 501, 1159, and 7230 Hz, respectively. Blue and 
red traces illustrate envelopes for the left and the right ear, re-
spectively. The speech was the Spanish word “sastre” and was 
located at +60° azimuth. The masker was speech-shaped noise 
and was located at −60° azimuth. The speech and noise had 
equal root-mean-square levels at −20 dB FS (i.e., 0 dB SNR) 
and the noise started 500 msec before the speech onset, as in the 
SRT measurements. The bottom part of Figure 1(panels M–Y) 
shows the corresponding time course of the maplaw (or com-
pression) c parameter [Eq. (1)].
The figures show the following:
 1. In the STD strategy, the maplaw parameter was con-
stant (c = 1000), equal in the two ears, and equal across 
frequency channels. In the MOC1, MOC2, and MOC3 
processors, by contrast, the maplaw parameter varied 
dynamically over time and was different across fre-
quency channels and across ears.
 2. The variation was such that when the amplitude in a 
given frequency channel was larger in one ear (black 
arrow in Fig. 1B), the maplaw c parameter and thus the 
amplitude decreased in the corresponding contralateral 
frequency channel relative to the STD strategy (gray 
arrows in Fig. 1B, 1N). In other words, the ear with the 
larger amplitude “inhibited” the ear with the smaller am-
plitude by decreasing the value of the maplaw parameter 
in the ear with the smaller amplitude.
 3. The inhibitory effect, thus the temporal changes in the 
maplaw parameter, was faster for MOC1 than for MOC2 
or MOC3 processors because the MOC1 strategy in-
volved shorter (faster) time constants of contralateral 
inhibition than the MOC2 or MOC3 strategies.
 4. For higher-frequency channels (channel number 10), 
which had larger bandwidths and thus produced higher 
output levels for broadband stimuli, inhibition was 
greater for MOC1 or MOC2 processors than for MOC3 
processors (i.e., the maplaw parameter was overall 
smaller in Fig. 1N or Fig. 1O than in Fig. 1P). This is 
because unlike the MOC1 or MOC2 strategies, where 
parameter c depended on the raw contralateral output 
level, in the MOC3 strategy parameter, c depended on 
the contralateral output level normalized to the channel 
bandwidth [Eq. (2)].
 5. For lower-frequency channels (channel number 3), in-
hibition was greater for MOC3 than for MOC2 proces-
sors (i.e., the maplaw parameter was slightly smaller 
in Fig. 1Y than in Fig. 1X) because of bandwidth 
normalization.
 6. For the normalization frequency channel (channel 
number 5 in this example), the MOC2 and MOC3 pro-
cessors had identical output envelopes (i.e., Fig. 1G was 
identical to Fig. 1H) and maplaw values (i.e., Fig. 1S 
was identical to Fig. 1T).
MOC processing can have several potential benefits over STD 
processing. To better understand some of those benefits, Figure 2 
zooms in the output envelopes for channel number 5 (the chan-
nel best conveying the vowel /a/ in the word sastre) over the time 
period around the vowel /a/. Note that for this channel, MOC2 
and MOC3 processors produced identical envelopes, hence the 
overlap between the green and purple traces. MOC processing 
involves greater contralateral inhibition for low than for high 
input levels (Lopez-Poveda et al. 2016a). In this example, the 
noise source was at −60° azimuth, hence closer to the left 
ear. Therefore, the higher noise levels in the left ear inhibited 
(reduced) the corresponding lower noise levels in right ear rela-
tive to the STD strategy at times before and after the vowel was 
present. Similarly, the higher vowel levels in the right ear inhib-
ited (reduced) the corresponding vowel amplitudes in the left 
ear (recall that the speech source was at +60° azimuth, hence 
closer to the right ear). It is important to note that the reduc-
tion in vowel peaks was minimal in the ear closer to the speech 
source (the right ear). Altogether, this enhanced the effective 
SNR at the output of the MOC processors in the ear closer to the 
speech source, the right ear in this case (see also Fig. 3). In other 
words, the noise captured by the ear closer to the noise source 
(which had the worse acoustic SNR) contributed to enhancing 
the SNR in the ear closer to the speech source (which had the 
better acoustic SNR). That is, the acoustically worse ear made 
the acoustically better ear even better.
A second potential benefit from MOC processing is that it 
involves overall less compression, thus more linear processing 
than the STD processing (i.e., maplaw values are always equal 
or lower for the MOC than for the STD processors in Fig. 1). 
This is particularly true for the lower-frequency channels, 
where speech envelope cues are more salient. As shown by the 
inset in Figure 2A, this can enhance the representation of the 
vowel envelope, which is the acoustic cue that most current CI 
users rely on to understand speech.
The two benefits just described could be regarded as mon-
aural benefits. A third potential benefit is binaural. The mutual 
inhibition involved in MOC processing can enhance the inter-
aural level differences (ILDs) dynamically and on a channel-by-
channel basis, as revealed by the fact that the maplaw values in 
Figure 1 were different for the two ears.
Figure 2 also serves to illustrate some of the main differences 
across MOC processors. Compared with an STD processor, 
MOC processing can reduce the speech level (thus the SNR) in 
the ear further away from the speech source. This is shown in 
Figure 2B, where the amplitudes over the time when the vowel 
was present were lower for the MOC1 strategy than for the STD 
strategy. This potentially detrimental effect, however, is less sig-
nificant for the slower MOC2 or MOC3 processors than for the 
faster MOC1 processors (see also Fig. 3). In addition, the faster 
contralateral inhibition in the MOC1 strategy could potentially 
distort the speech envelopes more than the slower contralateral 
inhibition in the MOC2 or MOC3 strategies.
Figure 3 summarizes the effects and benefits of MOC pro-
cessing just described by showing plots of compressed enve-
lopes for different frequency channels as a function of time for 
the various processing strategies. Spatial color smoothing was 
used to improve the representation. The figure shows the fol-
lowing: (1) noise levels were overall lower for any MOC proc-
essor than for the STD processors, particularly in the right ear. 
(2) In the ear closer to the target source (the right ear in this 
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example), the MOC strategies provided a better SNR than the 
STD strategy. (3) With MOC processing, some of the main 
speech features were inhibited in the left ear, particularly for the 
MOC1 and MOC2 strategies and less so for MOC3 strategy. As 
a result, the SNR in the left ear was higher for the MOC3 than 
for the MOC1 or MOC2 strategies. (4) In the right ear and in the 
lower-frequency channels (e.g., channel number 4), noise levels 
were lower for the MOC3 than for the MOC1, MOC2, or STD 
strategy. Altogether, it seems that the MOC3 processor provided 
the highest SNR in the right ear with minimal or no inhibition of 
speech cues in the left ear.
MOC processing can have one additional benefit (relative 
to STD processing) not seen in the output envelopes (not seen 
in Fig. 1, Fig. 2, or Fig. 3): the use of overall lower stimulation 
levels, particularly at times when noise was not present, could 
release auditory nerve neurons from adaptation, allowing them 
to better encode the speech envelope. Indeed, of the benefits 
just described, this neural antimasking effect is the main mech-
anism and benefit attributed to the MOC reflex in the literature 
(reviewed by Liberman & Guinan 1998; Lopez-Poveda 2018).
RESULTS
In this section, we first compare the SRTs for the various 
MOC strategies with those for the STD strategy in unilateral 
and bilateral listening. Then, we analyze the potential advantage 
A
B
Fig. 2. Zoomed-in view of the compressed envelopes for channel number 5 shown in Fig. 1. Each panel shows envelopes for the STD, MOC1, MOC2, and 
MOC3 strategies. Envelopes were identical for the MOC2 and MOC3, hence the overlap between corresponding traces. The gray rectangles near the abscis-
sae depict periods when the noise or the vowel /a/ were present. A, Envelopes for the right ear. B, Envelopes for the left ear. The inset in each panel illustrates 
a zoomed-in view of the envelopes over the area depicted by the corresponding rectangle. MOC indicates medial olivocochlear; MOC1, original fast MOC 
strategy; MOC2, slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in the 
higher-frequency channels; STD, standard
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of listening with two ears versus one ear with the tested pro-
cessing strategies.
SRTs in Unilateral Listening
The top row in Figure 4 shows individual SRTs in unilat-
eral listening (with the self-reported better ear) with the STD 
strategy. Each panel is for a different spatial configuration, as 
indicated at the top of each column. Recall that each value is the 
mean of at least three measurements, except for the two children 
(SA012 and SA013) for whom only one SRT was obtained 
per spatial configuration. Rows 2 to 4 in Figure 4 illustrate the 
SRT improvement or “benefit” (in decibels) relative to the STD 
strategy provided by the MOC1, MOC2, and MOC3 strategies, 
respectively. The benefit was calculated as follows:
SRT dB SRT dB SNR SRT dB SNRbenefit STD MOC[ ]= [ ]− [ ]  (3)
Therefore, positive values indicate better intelligibility in noise 
(lower SRTs) with the corresponding MOC strategy than with 
Fig. 3. Output envelopes for STD, MOC1, MOC2, and MOC3 processors with 10 frequency channels. The stimulus was as in Fig. 1. Each panel shows enve-
lopes at the output of the maplaw as a function of frequency channel number and time. Color illustrates amplitude in units of dB FS, and spatial smoothing was 
applied to improve the view. Each row is for a different processing strategy, as indicated at the top of each panel. Left and right panels illustrate results for the 
left- and right-ear processors, respectively. As a reference, the top panels illustrate results for the STD strategy and for the word in quiet. All other panels illus-
trate results for the word and noise at −20 dB FS (0 dB SNR). FS indicates full scale; MOC, medial olivocochlear; MOC1, original fast MOC strategy; MOC2, 
slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in the higher-frequency 
channels; SNR, signal-to-noise ratio; STD, standard.
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the STD strategy, while negative values indicate worse intelligi-
bility (higher SRTs) with the MOC than with the STD strategy. 





 spatial configuration (i.e., the most adverse lis-
tening condition with the speech source in front and the noise 
source at 60° toward the listening ear), the MOC1 strategy 
was disadvantageous for all participants (Fig. 4F). This is con-
sistent with STOI simulations (see Fig. 5D in Lopez-Poveda & 
Eustaquio-Martín 2018) and was expected because the MOC1 
strategy decreases the signal information in the ear contralateral 
to the speech source (compare the speech features in Fig. 3C 
and Fig. 3E). In contrast, SRTs were equal or better (up to 4 
dB better for participant SA012) with the MOC2 than with the 
STD strategy (Fig. 4K) and equal or better (up to 2.3 dB bet-
ter for participant SA015) with the MOC3 than with the STD 
strategy for all bilateral CI users (Fig. 4P). Even though the two 
unilateral CI users (SA006 and SA007, light color bars) did 
not benefit from MOC processing in this spatial configuration, 
their SRTs were nonetheless better with the MOC2 or MOC3 
strategies than with the MOC1 strategy. On average, SRTs were 
4.2 dB worse with the MOC1 than with the STD strategy but 
slightly better (<1 dB) with the MOC2 or MOC3 than with the 
STD strategy (Fig. 5B).





), many participants performed worse (up to 4.7 
dB for participant SA009) with the MOC1 than with the STD 
strategy (Fig. 4G). This was expected based on earlier studies 
(Lopez-Poveda et al. 2016a) and STOI simulations (Fig. 5D in 
Lopez-Poveda & Eustaquio-Martín 2018) and possibly reflects 
reduced audibility and/or envelope distortion with the MOC1 
strategy when the stimulus is identical at the two ears. By con-
trast, many participants benefited slightly from the MOC2 or the 
MOC3 strategies. Indeed, all bilateral CI users except SA012 
showed equal or better SRTs with the MOC3 than with the STD 
strategy (Fig. 4Q). On average, SRTs were slightly worse with 
the MOC1 than with the STD strategy but slightly better with 





 spatial configuration (speech source in front 
with the noise source at 60° on the side contralateral to the CI), 
SRTs were generally worse with the MOC1 or MOC2 strategies 
than with the STD strategy (Fig. 4H, M). However, some partic-
ipants benefited from the MOC3 strategy (Fig. 4R). This pattern 
of results was unexpected based on STOI simulations, which 
predicted SRT improvements of up to 6 dB for all MOC strate-
gies (Fig. 5 in Lopez-Poveda & Eustaquio-Martín 2018). The 
reason for the discrepancy between the present experimental re-
sult and the STOI prediction is uncertain. STOI disregards the 
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Fig. 4. Intelligibility in unilateral listening for individual participants. Row 1 (panels A to E), SRTs for the STD strategy. Each panel is for a different spatial con-
figuration of the speech and noise sources, as indicated at the top. Rows 2 to 4 (panels F to T), SRT improvement relative to the STD strategy for the different 
MOC strategies (MOC1, MOC2, and MOC3). Data are shown for eight bilateral (darker bars) and two unilateral CI users (SA006 and SA007, lighter bars). Error 
bars illustrate 1 standard error of the mean. CI indicates cochlear implant; MOC, medial olivocochlear; MOC1, original fast MOC strategy; MOC2, slower 
MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in the higher-frequency channels; 
N, noise; S, speech; SNR, signal-to-noise ratio; SRT, speech reception threshold; STD, standard.
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effect of stimulation level on intelligibility, and the mutual in-
hibition between MOC processors causes stimulation level to 
be lower for the MOC than for the STD strategies. Therefore, 
perhaps, the speech level delivered by the MOC strategies was 
significantly more reduced in this than in other spatial configu-









 spatial configurations, some par-
ticipants benefited from MOC processing, but others did not. 
Altogether, there was no clear benefit or disadvantage of MOC 
processing compared with STD processing (see also the mean 
SRT improvement in Fig. 5B).
A two‐way RMANOvA was conducted to test for the effects 






















their interaction on the group mean SRTs. The RMANOvA re-
vealed a significant effect of strategy [F(3,27) = 4.34, p = 0.013], 
spatial configuration [F(2.5,22.1) = 190.60, p < 0.001], and a 
significant interaction between processing strategy and spatial 
configuration [F(12,108) = 5.83, p < 0.001]. A pairwise post 
hoc analysis with Bonferroni correction for multiple compari-
sons revealed that (1) the mean SRT for any strategy was not 
significantly different from the mean SRT for any other strategy 
(p > 0.05), except that the mean SRT was higher (worse) for the 
MOC1 than for the MOC3 strategies (−0.3 versus −1.7 dB SNR, 
p = 0.027); and (2) the mean SRT for any spatial configuration 
was different from the mean SRT for any other spatial config-








 (mean SRTs 
across participants and processors were 5.0, 1.5, −2.7, −2.5, and 





















spectively). Because SRTs tended to improve (become lower) 
with increasing the spatial separation between speech and noise 
sources, the latter confirmed that there was significant spatial 
release from masking.
A post hoc analysis of the interaction between strategy and 
spatial configuration showed a significant effect of processing 




 and produced the following p values: p(STD 
versus MOC1) < 0.001; p(STD versus MOC2) = 1.00; p(STD 
versus MOC3) = 1.00; p(MOC1 versus MOC2) < 0.001; p(MOC1 
versus MOC3) < 0.001; and p(MOC2 versus MOC3) = 1.00. 





configuration (the most adverse listening condition with the 
speech source in front and the noise source at 60° toward the 
listening ear), the mean SRT was higher (worse) for the MOC1 
strategy than for any other strategy (Fig. 5). For the other spa-
tial configurations tested, the effect of strategy on SRT was not 
significant.
SRTs in Bilateral Listening
Figure 6 shows individual results in bilateral listening. The 
layout is the same as Figure 4. The top row shows individual 
SRTs for the STD strategy, while rows 2 to 4 illustrate the 
SRT improvement or benefit (in decibels) relative to the STD 
strategy provided by the MOC1, MOC2, and MOC3 strategies, 
respectively. Figure 7 shows corresponding group mean results.





the MOC1 strategy was disadvantageous compared to the STD 
strategy (the mean benefit was negative and equal to −0.9 dB, 
Figure 7), but the MOC2 and MOC3 strategies were beneficial 
(the mean SRT improvement was 1.7 and 1.8 dB, respectively). 
The MOC2 and MOC3 strategies were beneficial not only on 
average but also for most individual participants (Fig. 6I, M). 
The exception was SA010 with the MOC2 strategy. The benefit 
varied between 0 and 4 dB, depending on the participant. The 
largest benefits were for participant SA012 with the MOC2 and 
MOC3 strategies (3.9 and 4.0 dB, respectively).













 conditions), the group mean SRTs were bet-
ter (lower) for all MOC strategies than for the STD strategy for 
all spatial configurations. With a few exceptions, a benefit was 
observed for each individual participant.
The RMANOvA test revealed a significant effect of 
strategy [F(3,21) = 10.93, p < 0.001] and spatial configuration 
[F(1.43,10) = 87.27, p < 0.001] on group mean SRTs. The in-
teraction between strategy and spatial configuration was also 
significant [F(9,63) = 2.83, p = 0.007].
Post hoc pairwise comparisons, with Bonferroni correction, 
revealed that the SRTs measured with the MOC1, MOC2, and 
MOC3 strategies were not significantly different from each other 
A
B
Fig. 5. Group mean intelligibility scores in unilateral listening. A, Mean 
SRTs for each strategy (as indicated by the inset) and spatial configura-
tion (as indicated in the abscissa). Each point is the mean for eight bilat-
eral and two unilateral CI users. B, Mean SRT improvement for the MOC 
strategies relative to the STD strategy. Error bars illustrate 1 standard error 
of the mean. CI indicates cochlear implant; MOC, medial olivocochlear; 
MOC1, original fast MOC strategy; MOC2, slower MOC strategy; MOC3, 
slower MOC strategy with comparatively greater contralateral inhibition 
in the lower-frequency than in the higher-frequency channels; N, noise; S, 
speech; SRT, speech reception threshold; STD, standard.
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[p(MOC1 versus MOC2) = 1.00; p(MOC1 versus MOC3) = 0.29; 
p(MOC2 versus MOC3) = 0.50]. In addition, it revealed that the 
SRTs for the MOC2 and STD strategies were not significantly 
different from each other [p(STD versus MOC2) = 0.10]. How-
ever, the mean SRT for the MOC1 strategy was significantly 
lower (better) than the mean SRT for the STD strategy (−5.3 
versus −4.5 dB SNR, p = 0.024). The mean SRT for the MOC3 
strategy was also significantly lower than the mean SRT for the 
STD strategy (−6.1 versus −4.5 dB SNR, p = 0.003). Indeed, 




, the mean SRTs for all other con-
ditions were lower (better) for the MOC1 and MOC3 than for 
STD strategy. This confirms that the MOC1 and MOC3 strate-
gies produced significantly better speech-in-noise recognition 
than the STD strategy (Fig. 7).
Pairwise post hoc comparisons, using the Bonferroni cor-
rection, also revealed that SRTs were significantly different 









 (p = 0.10). In other words, there was significant 























The term “binaural advantage” refers to the improvement in 
speech-in-noise intelligibility gained from listening with two 
ears compared with listening with one ear (e.g., Loizou et al. 
2009; Avan et al. 2015). In this section, we address the ques-
tion: what is the effect of the processing strategy on the binaural 
advantage?
The top panels in Figure 8 show the mean SRTs in noise 
for the STD, MOC1, MOC2, and MOC3 strategies in unilat-
eral (open symbols) and bilateral listening (filled symbols) for 
the spatial configurations tested in the two listening modali-
ties. Each data point is the group mean for the eight bilateral 
CI users. The bottom panels in Figure 8 show the difference 
between SRTs in unilateral minus bilateral listening (i.e., the 
binaural advantage). Overall, bilateral listening tended to be 
more advantageous over unilateral listening for spatially closer 
than for spatially separated speech and noise sources (recall that 
for spatially separated sources, the target was always closer to 





 condition), bilateral listening tended to be more 
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Fig. 6. Intelligibility in bilateral listening for individual participants. The layout is the same as Fig. 4. MOC indicates medial olivocochlear; MOC1, original fast 
MOC strategy; MOC2, slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in 
the higher-frequency channels; N, noise; S, speech; SRT, speech reception threshold; STD, standard.
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advantageous for the MOC2 and MOC3 strategies than for the 









 conditions), bilateral lis-
tening tended to be more advantageous for the MOC strategies 
than for the STD strategy.
An RMANOvA was conducted to test for the effects of lis-













), and their interaction on the group 
mean SRT. A separate test was conducted for each processing 
strategy. Table 2 shows the results. Significant effects are high-
lighted using bold font. SRTs decreased with increasing the 
spatial separation between the speech and noise sources, and 
the effect of spatial configuration was statistically significant 
for all four strategies. This shows that spatial release from 
masking was significant for all strategies. SRTs were equal 
or lower with two than with one CI, but the effect of listening 
modality was statistically significant only for the MOC2 and 
MOC3 strategies, indicating that only the MOC2 and MOC3 
strategies provided a statistically significant binaural advantage. 
The interaction between spatial configuration and listening con-
dition was significant only for the MOC2 strategy, indicating 
that for this strategy, the binaural advantage depended on the 
spatial configuration. A post hoc comparison, using the Bonfer-
roni correction method, indicated that for the MOC2 strategy, 
bilateral listening improved intelligibility when the speech and 














: p = 0.210).
Altogether, the present analysis demonstrates that only the 
MOC2 and MOC3 strategies produced a statistically significant 
binaural advantage, that is, better (lower) SRTs with two CIs 
than with one CI. The magnitude of the advantage decreased 
with increasing the spatial separation between the speech and 
noise sources.
A post hoc analysis of the data in Figure 8, with Bonfer-
roni correction for multiple comparisons, revealed statistically 





 condition for the MOC2 (p = 0.013) and MOC3 
(p = 0.001) strategies but not for the STD (p = 0.061) or the 
MOC1 (p = 0.336) strategy. In addition, it revealed better SRTs 





for the MOC2 (p = 0.031) and the MOC3 (p = 0.023) strategies 
but not for the STD (p = 0.975) or the MOC1 (p = 0.468) strate-




 condition, SRTs in bilateral listening were 
not statistically different from those in unilateral listening condi-
tion for any of the strategies (STD, p = 0.829; MOC1, p = 0.437; 
MOC2, p = 0.534; MOC3, p = 0.354). In other words, a bin-









tions but only with the MOC2 and MOC3 strategies and was 




 condition with any of the strategies.
DISCUSSION
We have shown in previous studies that, compared with 
using two independently functioning sound processors (STD 
strategy), the binaural MOC1 strategy improves SRTs for spa-
tially separated speech and masker sources both in bilateral lis-
tening and in unilateral listening with the ear having the better 
SNR (Lopez-Poveda et al. 2016a, 2017). The MOC1 strategy, 
however, produces equal or worse SRTs for colocated speech 
and noise sources and theoretically can decrease the SNR in 
the ear with the worse acoustic SNR. The present study aimed 
at investigating if the benefits of MOC1 processing could be 
enhanced and its shortcomings overcome by using more re-
alistic implementations of MOC processing, in particular, by 
using slower control of compression alone (MOC2 strategy) or 
combined with greater effects in the lower-frequency than in the 
higher-frequency channels (MOC3 strategy).
The main findings were as follows:
 1. In bilateral listening and for spatially separated speech 
and noise sources, SRTs were better (lower) with the 
MOC1 than with the STD strategy (Fig. 7). This finding 
is consistent with the results of previous studies (Lopez-
Poveda et al. 2016a, 2017).
 2. In unilateral listening with the ear having the better SNR, 
SRTs were not significantly different for the MOC1 and 
the STD strategy for spatially separated speech and 
noise sources (Fig. 5). This may seem inconsistent with 
our previous study that reported the MOC1 to be ad-
vantageous over the STD strategy in similar conditions 
A
B
Fig. 7. Group mean intelligibility scores in bilateral listening. Each point is 
the mean for eight bilateral CI users. The layout is the same as Fig. 5. The 
dotted lines in panel A illustrate that at a fixed SNR of about −3 dB, the 
angular separation between the speech and noise source (α) to achieve 
50% correct sentence recognition would be narrower for the MOC3 than 
for the STD strategy (αMOC3 < αSTD). CI indicates cochlear implant; MOC, 
medial olivocochlear; MOC1, original fast MOC strategy; MOC2, slower 
MOC strategy; MOC3, slower MOC strategy with comparatively greater 
contralateral inhibition in the lower-frequency than in the higher-frequency 
channels; N, noise; S, speech; SNR, signal-to-noise ratio; SRT, speech re-
ception threshold; STD, standard.
14  LOPEz-POvEDA ET AL / EAR & HEARING, vOL. XX, NO. XX, 00–00
(Lopez-Poveda et al. 2016a). However, the spatial con-
figurations were actually different for the two studies. 




 spatial configuration, none 
of the present unilateral listening conditions have been 
previously tested in combination with a speech-shaped 
noise masker.





 condition), SRTs were worse for 
the MOC1 than for the STD strategy but became equal 
or slightly better for the MOC2 or MOC3 strategies than 
for the STD strategy (Fig. 5). This finding confirms an 
expected, but yet untested, shortcoming of the MOC1 
strategy (Lopez-Poveda et al. 2016a, 2016b). It also pro-
vides experimental support to a prediction made with 
STOI that the shortcoming in question can be overcome 
by using slower contralateral control of back-end com-
pression (Lopez-Poveda and Eustaquio-Martín 2018).
 4. In bilateral listening, the MOC1 strategy was advan-
tageous over the STD strategy for spatially separated 
speech and noise sources but not for colocated speech 
and noise sources, where the mean SRT was slightly 
worse (0.9 dB higher) for the MOC1 than for the STD 
strategy (Fig. 7). The MOC3 strategy, however, was ad-
vantageous over the STD strategy for all spatial con-
figurations tested, including the colocated condition. On 
average, the MOC3 strategy improved SRTs by 1.6 dB 
with respect to the STD strategy. This provides experi-
mental support to a second prediction made with STOI 
that another shortcoming of the MOC1 strategy (namely, 
slightly worse SRTs relative to the STD strategy for 
colocated speech and noise sources) can be overcome 
by using slower control of compression combined with 
greater effects in the lower-frequency than in the higher 
frequency channels (Lopez-Poveda and Eustaquio-Mar-
tín 2018).
 5. All tested strategies (STD, MOC1, MOC2, and MOC3) 
produced significant spatial release from masking, both 
in unilateral (Fig. 5) and bilateral listening (Fig. 7) 
modes.
 6. A statistically significant binaural advantage (i.e., bet-
ter—lower—mean SRTs across spatial configurations 
and participants in bilateral than in unilateral listening) 
was found for the MOC2 and MOC3 strategies but not 
for the STD or MOC1 strategies (Fig. 8).
 7. The binaural advantage with the MOC2 and MOC3 









) speech and noise sources but not 





Compared with our earlier experimental studies of the MOC1 
strategy, the present tests were conducted on a different group 
of CI users and involved additional spatial configurations of the 
speech and noise sources. Altogether the present data broadly 
confirm the benefits and shortcomings of the MOC1 strategy 
relative to STD strategy. They further show that the benefits 
of MOC1 processing may be enhanced and its shortcomings 
overcome by using more realistic implementations of MOC 
processing.
Spatial Release From Masking
Spatial release from masking (or the benefit obtained from 
separating the speech and noise sources in space) is often quan-
tified as the difference in SRT for spatially colocated speech 




) minus the SRT for spatially separated 
A B C D
E F G H
Fig. 8. Top, Group mean SRTs in unilateral and bilateral listening. Each panel is for a different strategy, as indicated at the top of the panel. Bottom, Mean 
binaural advantage calculated as the difference in mean SRT for unilateral listening minus bilateral listening. Positive values indicate better (lower) SRTs when 
listening with two rather one ear. Error bars illustrate 1 standard error of the mean. MOC indicates medial olivocochlear; MOC1, original fast MOC strategy; 
MOC2, slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-frequency than in the higher-
frequency channels; N, noise; S, speech; SRT, speech reception threshold; STD, standard.
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sources (see, for example, Fig. 4 in the review of Litovsky & 
Gordon 2016). According to this definition, the data in Figure 7 
show that the mean spatial release from masking in bilateral lis-








 conditions was largest for the 
MOC1 strategy (8.6 dB), smallest for the MOC2 strategy (5.2 
dB), and midrange and comparable for the STD (6.4 dB) and 
MOC3 (6.2 dB) strategies. Two comments are in order. First, 
spatial release from masking was largest for the MOC1 strategy 
because SRTs in the colocated condition were worst with this 
strategy. Second, the similarity between the magnitude of spa-
tial release from masking for the STD and MOC3 strategies 
does not faithfully reflect the interaction between processing 
strategy and target-masker angular separation in situations 





) were lower (better) for the MOC3 than for the 
STD strategy, at a fixed SNR, bilateral CI users would be able 
to recognize 50% of the sentences with a smaller angular sepa-
ration when using the MOC3 than when using the STD strategy. 
For example, the dotted lines in Figure 7A illustrate that at 
−3 dB SNR, bilateral CI users would need speech and noise 
sources to be more widely separated with the STD than with 
the MOC3 strategy (approximately 30° versus 0°) to achieve 
50% correct sentence recognition. Therefore, we would expect 
that in more realistic listening situations where the SNR and 
the speech-noise angular separations are both fixed, bilateral CI 
users would likely recognize a greater proportion of speech with 
the MOC3 than with the STD strategy.
Binaural Advantages of MOC Processing
Only the MOC2 and MOC3 strategies provided a statisti-









 conditions. A comparison of the present results 
with other studies (e.g., Tyler et al. 2002; Schleich et al. 2004; 
Litovsky et al. 2006; Buss et al. 2008; Loizou et al. 2009) is not 
straightforward because other studies involved different scoring 
(e.g., percent correct rather than SRT measurements), different 
spatial configurations (e.g., speech sources directly in front with 
noise sources on the sides), and/or users of clinical devices with 
several different technologies. Nonetheless, insofar as a com-
parison is possible, the present data for the STD strategy (the 
one closer to the current clinical standard in MED-EL devices) 
seem broadly consistent with those reported elsewhere. For ex-
ample, Schleich et al. (2004) measured SRTs for 21 bilateral 
users of MED-EL clinical CIs in the free field and using the 




 condition, they reported 
mean SRTs of −1.2 and 0.9 dB SNR in bilateral and unilateral 
listening, respectively, hence a binaural benefit of 2.1 dB. These 
values are not far from the present mean figures (SRTs of −0.9 
and 1.4 dB SNR in bilateral and unilateral listening, respec-





 condition, Schleich et al. reported a mean SRT of 
−2.9 dB SNR when listening with the acoustically better ear 
(the right ear), which is not far from the mean SRT of −3.4 dB 





 spatial configuration). Altogether, the similarity of the 
present data with the data of Schleich et al. supports the pre-
sent findings and allows us to be optimistic that similar findings 
might be obtained in an eventual testing of the MOC strategies 
in the free field.
Compared with the STD strategy, the best MOC strategy 
(MOC3), and in general all MOC strategies, produced overall 
larger benefits in bilateral (Fig. 7) than in unilateral (Fig. 5) 
listening. The reason is unclear. The STD strategy was most 
similar to the audio processing strategies worn by the partici-
pants in their clinical devices, and unilateral listening tests were 
conducted before bilateral listening tests. Therefore, perhaps, 
participants were more used to MOC processing by the time 
that bilateral listening tests were conducted. This explanation, 
however, is not fully convincing because the pattern of results 
was broadly similar for the last block of unilateral listening 
tests (block number 3) and the first block of bilateral listening 
tests (block number 4), which were conducted consecutively. 
The pattern of results was also similar for the two last blocks of 
unilateral and bilateral listening tests (block numbers 3 and 6, 
respectively), when participants were presumably fully accus-
tomed to the strategies.
An alternative interpretation for the greater benefit of 
MOC processing (relative to the STD strategy) in bilateral 
than in unilateral listening is that MOC processing provided 
little or no SNR improvement (relative to the STD strategy) 
in the ear with the better acoustic SNR but improved the SNR 
in the ear with the worse acoustic SNR and/or conveyed more 
natural binaural information. Of these two options, the first 
is unlikely to occur because, as shown in Figure 3 and by 
Lopez-Poveda and Eustaquio-Martín (2018), MOC processing 
reduces (MOC1) or slightly improves (MOC2 and MOC3) the 
speech information in the ear with the worse acoustic SNR. 





 condition in Fig. 5), mean SRTs were worse for 
the MOC1 strategy or only slightly better for the MOC2 and 
MOC3 strategies than those for the STD strategy. Arsenault 
and Punch (1999) reported that normal-hearing listeners show 
better speech-in-noise recognition with natural binaural cues 
than when the stimulus at the ear with the better acoustic SNR 
is presented diotically. Therefore, the more parsimonious ex-
planation for the greater benefit of MOC processing (relative 
to the STD strategy) in bilateral than in unilateral listening 
TABLE 2. Results of two‐way RMANOVA tests for the effects of spatial configuration (S0N0, S15N−15, S60N−60), listening modality (unilateral 
vs. bilateral listening), and their interaction on group mean SRTs
Strategy N Listening Modality Spatial Configuration Interaction
STD 8 F(1,7) = 2.78, p = 0.139 F(2,14) = 143.96, p < 0.001 F(2,14) = 1.57, p = 0.240
MOC1 8 F(1,7) = 2.89, p = 0.130 F(2,14) = 106.22, p < 0.001 F(2,14) = 0.36, p = 0.700
MOC2 8 F(1,7) = 10.36, p = 0.014 F(2,14) = 97.28, p < 0.001 F(2,14) = 4.32, p = 0.034
MOC3 8 F(1,7) = 20.22, p = 0.003 F(2,14) = 88.06, p < 0.001 F(2,14) = 2.86, p = 0.091
A separate test was conducted for each processing strategy (STD, MOC1, MOC2, and MOC3). Statistically significant effects are indicated using bold font.
MOC, medial olivocochlear; MOC1, original fast MOC strategy; MOC2, slower MOC strategy; MOC3, slower MOC strategy with comparatively greater contralateral inhibition in the lower-
frequency than in the higher-frequency channels; N, noise; RMANOVA, repeated-measures analysis of the variance; S, speech; SRT, speech reception threshold; STD, standard.
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is that MOC processing provided more natural binaural cues 
than the STD strategy.
Limitations
Given the limited number of sentence lists in the HINT 
corpus, we had to use the sentence lists multiple times to com-
plete the comprehensive protocol. It is likely that participants 
learnt many of the sentences during testing. This may have 
turned the test from being “open set” at the beginning of test-
ing to something more like “closed set” toward the end. As a 
result, the reported SRTs are probably lower than they would 
have been if we had not used the speech material repeatedly. 
We are confident, however, that reusing the sentences did not 
contribute to the reported differences in SRTs across strate-
gies (or spatial configurations) because any one testing block 
involved testing all four processing strategies (and spatial 
configurations) in random order, before moving on to the next 
testing block. Therefore, the learning of the sentences and/or 
the improvement in performing the sentence recognition task 
would have affected all strategies and spatial configurations 
similarly.
The changing compression is central to MOC processing. 
It is known that different static compression values influ-
ence the SRT (e.g., Fu & Shannon 1998; Theelen-van den 
Hoek et al. 2016). Here, compression in the STD processor 
(i.e., the value of parameter c in Eq. (1)) was set to a (fixed) 
value that was not always the value used by the participants in 
their clinical processors (see Materials and Methods). There-
fore, it remains unclear if any other static compression value 
would have resulted in better SRTs. In other words, one might 
wonder if the better performance with the MOC strategies 
may be due to a suboptimal STD compression setting. While 
possible, this is unlikely. First, we have previously shown that 
the MOC1 strategy can improve SRTs relative to the STD 
strategy both for steady state noise maskers (Lopez-Poveda 
et al. 2016a) and single-talker maskers (Lopez-Poveda et al. 
2017), even when compression in the STD strategy is set 
equal to that used by the participants in their clinical audio 
processors. Second, we have previously shown that STOI 
scores, which are an objective, thus patient-independent 
measure of intelligibility, are greater with dynamic than with 
fixed compression, and STOI scores are well correlated with 
average patient performance (Lopez-Poveda and Eustaquio-
Martín 2018). Third, Figure 9 shows that STOI scores (com-
puted as described by Lopez-Poveda & Eustaquio-Martín 
2018) are equal or higher for the MOC3 strategy than for an 
STD strategy set with c = 500, the typical value of the present 
participants in their clinical audio processors. Altogether, this 
suggests that the superior performance of MOC processing is 
unlikely due to a suboptimal compression setting in the STD 
strategy.
We note that the average benefits of MOC3 processing 
(Figs. 5, 7) held for many individual CI users (Figs. 4, 6). This 
seems remarkable considering that the STD strategy was the 
most similar to the audio processing strategies worn by the 
participants in their clinical devices and that participants were 
not given much opportunity to become fully accustomed to the 
MOC strategies before testing. For CI users, speech recognition 
can improve significantly over time and with training (e.g., Dor-
man & Spahr 2006) and some benefits of bilateral implantation 
are seen only one year after the start of CI use (e.g., Buss et al. 
2008). Therefore, it is tempting to speculate that the benefits 
from the MOC3 strategy could become larger with training and/
or a sustained use of the strategy.
Comparison With Other Binaural Algorithms and Final 
Remarks
There exist other sound processing approaches aimed at 
bringing the performance of bilateral CI users closer to that of 
listeners with normal hearing. Because the use of independent 
compression at the two ears can distort ILD cues and degrade 
speech-in-noise intelligibility (e.g., Wiggins & Seeber 2013), 
one approach consists of using linked (equal) automatic gain 
control (AGC) across the ears (e.g., Potts et al. 2019; Spencer 
et al. 2019). Compared with using unlinked AGC, the use of 
linked AGC can improve SRTs by 3.0 dB SNR for a speech 
source at 10° azimuth presented in competition with continuous 
four-talker babble at −70° azimuth (Potts et al. 2019). Another 
approach consists of preprocessing the acoustic stimuli binau-
rally before stimuli at the two ears are encoded into electrical 
pulses (reviewed by Baumgärtel et al. 2015a, 2015b). Binaural 
steering beamformers designed to track a moving sound source 
of interest in diffuse-field noise backgrounds can improve SRTs 
by about 4.5 dB (Adiloğlu et al. 2015), and other binaural pre-
processing strategies can improve SRTs up to 10 dB when the 
target speech is presented in competition with single-talker 
maskers (reviewed by Baumgärtel et al 2015a, 2015b).
A direct comparison of the benefit provided by those 
approaches with that provided by MOC processing is hard 
because different studies have used different tasks, mask-
ers, and/or spatial configurations. Insofar as a comparison is 
possible, however, the average SRT improvement provided 
by MOC processing (1.6 dB across the spatial configura-
tions tested here) appears smaller than the benefit provided 
by those approaches. Binaural preprocessing strategies and 
beamformers, however, typically require the use of multiple 
microphones, speech detection and enhancement algorithms, 
and/or making assumptions about the characteristics of the 
target and/or the interferer sounds, or their spatial location 
(Baumgärtel et al. 2015b). By contrast, an implementation of 
the MOC strategy in a device would require one microphone 
per ear, no a priori assumptions about the signal of interest, no 
signal tracking, no complex preprocessing, and probably less 
exchange of data between the ears.
The MOC strategy can improve intelligibility over the STD 
strategy even when signals (and SNRs) are identical at the 




 condition (Fig. 7). This possibly 
reflects envelope enhancement due to the use of an overall 
more linear maplaw and/or neural antimasking associated to 
a reduced stimulation. Other benefits of MOC processing (see 
Materials and Methods), however, require an ILD, as provided 
by the head shadow. Insofar as the head-shadow ILDs can be 
reduced by the use of independent (unlinked) AGCs and nat-
ural ILDs may be somewhat restored by using linked AGC 
(Wiggins & Seeber 2013), MOC processing might provide 
larger benefits when used in combination with linked AGC. 
On the other hand, MOC processing, however, involves using 
dynamic rather than fixed acoustic-to-electric maps. The pre-
sent evaluations involved implementing MOC processing 
in combination with a CIS sound coding strategy. As far as 
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the authors know, however, all current sound coding strate-
gies include acoustic-to-electric mapping at the back end of 
processing (see, for instance, Fig. 2 in Wouters et al. 2015). 
Therefore, MOC processing could be theoretically imple-
mented with any CI sound coding strategy that does not al-
ready utilize dynamic back-end compression. Further research 
is necessary to investigate the potential benefits of combining 
MOC processing with linked AGC, with preprocessing beam-
formers, and with other sound coding strategies.
CONCLUSIONS
The SNR at 50% HINT sentence recognition was compared 
for CI users listening through experimental sound processing 
strategies involving the use of two independently function-
ing sound processors, each with fixed compressive acoustic-
to-electric maps (the current clinical standard), or the use of 
binaurally coupled processors with contralaterally controlled 
dynamic compression inspired by the MOC reflex (the MOC 
strategy). Three versions of the MOC strategy were tested: an 
MOC1 strategy with fast contralateral control of compression 
(as proposed originally); an MOC2 strategy with slower con-
trol of compression; and an MOC3 strategy with slower con-
trol of compression and greater effects in the lower-frequency 
than in the higher-frequency channels. The main conclusions 
are as follows:
 1. In unilateral listening, performance was worse with the 
MOC1 than with STD strategy when the listening ear 
had the worse acoustic SNR. By contrast, performance 
with the MOC2 or MOC3 strategies was comparable to 
that with the STD strategy in those same conditions.
 2. In bilateral listening, performance was better with the 
MOC1 than with the STD strategy for spatially separated 
speech and noise sources but not for colocated sources. 
The MOC3 strategy, however, was advantageous over 
the STD strategy for all spatial configurations tested, in-
cluding the colocated condition. On average, the MOC3 
strategy improved SRTs by 1.6 dB with respect to the 
STD strategy. This benefit was observed for most indi-
vidual CI users.
 3. The two main disadvantages of the MOC1 strategy rel-
ative to the STD strategy (namely, worse SRTs in bilat-
eral listening for colocated speech and noise sources; 
and in unilateral listening when the listening ear had 
the worse acoustic SNR) were overcome by using 
longer time constants of activation and deactivation for 
the contralateral inhibition (i.e., with the MOC2 and 
MOC3 strategies).
 4. All processing strategies produced significant spatial 
release from masking. However, in listening situations 
where the SNR and the angular separation between the 
speech and noise sources were both fixed, overall perfor-
mance was best with the MOC3 strategy.
 5. The MOC2 and MOC3 strategies produced a statisti-
cally significant binaural advantage, something that did 
not occur with the STD or MOC1 strategies.
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Many users of bilateral cochlear implants (BiCIs) localize sound sources less accurately than do people
with normal hearing. This may be partly due to using two independently functioning CIs with fixed
compression, which distorts and/or reduces interaural level differences (ILDs). Here, we investigate the
potential benefits of using binaurally coupled, dynamic compression inspired by the medial olivocochlear
reflex; an approach termed “the MOC strategy” (Lopez-Poveda et al., 2016, Ear Hear 37:e138-e148).
Twelve BiCI users were asked to localize wideband (125e6000Hz) noise tokens in a virtual horizontal
plane. Stimuli were processed through a standard (STD) sound processing strategy (i.e., involving two
independently functioning sound processors with fixed compression) and three different implementa-
tions of the MOC strategy: one with fast (MOC1) and two with slower contralateral control of
compression (MOC2 and MOC3). The MOC1 and MOC2 strategies had effectively greater inhibition in the
higher than in the lower frequency channels, while the MOC3 strategy had slightly greater inhibition in
the lower than in the higher frequency channels. Localization was most accurate with the MOC1 strategy,
presumably because it provided the largest and less ambiguous ILDs. The angle error improved slightly
from 25.3 with the STD strategy to 22.7 with the MOC1 strategy. The improvement in localization
ability over the STD strategy disappeared when the contralateral control of compression was made
slower, presumably because stimuli were too short (200ms) for the slower contralateral inhibition to
enhance ILDs. Results suggest that some MOC implementations hold promise for improving not only
speech-in-noise intelligibility, as shown elsewhere, but also sound source lateralization.
© 2019 Elsevier B.V. All rights reserved.1. Introduction
Compared to unilateral cochlear implants (CIs), bilateral CIsas de Castilla y Leon, Uni-
1, 37007, Salamanca, Spain.
z-Poveda).(BiCIs) improve sound-source localization accuracy in the hori-
zontal plane (e.g., Nopp et al., 2004; Seeber et al., 2004; van Hoesel,
2004; for a review, read the Introduction of Jones et al., 2014).
Bilateral stimulation alone, however, is not enough to restore
normal sound localization abilities. Indeed, most BiCI users show
poorer localization scores for sound sources in the horizonal plane
than do people with normal hearing (e.g., Seeber et al., 2004;
Grantham et al., 2007; Majdak et al., 2011; Dorman et al., 2016).
E.A. Lopez-Poveda et al. / Hearing Research 379 (2019) 103e116104This difference in performance is probably due to numerous factors,
including the duration of auditory deprivation, the physiological
status of the auditory nerve at the time of implantation, potential
asymmetries in the age of cochlear implantation, and the (in)
sensitivity of BiCI users to relevant acoustic information for sound
localization (Kan and Litovsky, 2015).
In addition to the factors just listed, inadequate coding of
binaural cues by the CI audio processors likely contributes to the
poorer localization performance of BiCI users compared to normal-
hearing listeners. The use of independently functioning devices,
different number of frequency channels, and/or different rates of
pulsatile electrical stimulation across the ears can distort and/or
degrade interaural level difference (ILD) and interaural time dif-
ference (ITD) localization cues (Kan and Litovsky, 2015). However,
even when the audio processors allow tight control over fine-
structure ITDs, the best performers among BiCI users rely mostly
on ILDs andmuch less so (or not at all) on ITDs to judge the location
of sound sources in the horizontal plane (Dorman et al., 2016;
Laback et al., 2004; Litovsky and Gordon, 2016; Seeber and Fastl,
2008). Hence, it seems important to faithfully encode ILDs to
improve the localization performance of BiCI users.
One specific factor that can potentially degrade the coding of ILD
cues is the use of independent compression in the two audio pro-
cessors of a BiCI user. The CI audio processor typically includes a
two-stage compression design to accommodate a broad range of
acoustic pressure into a much narrower range of electrical current
(Zeng, 2004). The first stage is a broadband automatic gain control
(AGC) (Boyle et al., 2009; St€obich et al., 1999). The AGC is placed at
the front-end of processing and serves to narrow the broad range of
‘loudness’ fluctuations that occur naturally in the acoustic envi-
ronment. The second compression stage is the acoustic-to-electric
map. This map is placed at the back-end in each frequency chan-
nel of processing and serves to map the range of acoustic pressure
into a narrower range of electrical current (e.g., Fu and Shannon,
1998; Wilson et al., 1991). The current standard (STD) is for BiCI
users to wear two audio processors that function independently
from each other. As illustrated in schematic form in Fig. 1A, the
application of independent AGC and/or acoustic-to-electric maps to
the two ears can compress (reduce) the head-shadow ILDs and thus
hinder the localization of sound sources in the horizontal plane
(e.g., Dorman et al., 2014; Ricketts et al., 2006; Wiggins and Seeber,
2011). Indeed, BiCI users can localize sounds more accurately withFig. 1. Schematic interaural level difference at the output (ILDo) for a given interaural level d
equal and independently functioning compressors at the two ears (STD strategy). B. With b
(double headed arrow on the ordinate) for a hypothetical sound source located in the free fie
than on the right ear (LLE> LRE). With the STD strategy (A), the compression function would
curves. Because the input stimulus level is smaller on the right ear, the right-ear compresso
result, ILDo< ILDi. With the MOC strategy (B), the output level is larger for the left than for
more than the other way around. This would turn the right-ear compressor more ‘linear’with
the MOC than with the STD strategy. Note that in this example, the compression functions
scales in dB FS, where 0 dB FS corresponds to a peak amplitude at 1, which itself corresponds
ear.binaurally linked rather than with independent AGC in their two
devices (Potts et al., 2019).
A binaural CI sound processing strategy has been recently pro-
posed that uses dynamic (time-varying), binaurally coupled back-
end compression inspired by the inhibitory effect of the contra-
lateral medial olivocochlear (MOC) reflex on basilar membrane
responses (Lopez-Poveda, 2015). The coupling is such that the
greater the amplitude at the output of every frequency channel of
processing in an audio processor, the more linear the back-end
compression (or acoustic-to-electric map) in the corresponding
frequency channel of the contralateral audio processor. The MOC
strategy was intended tomimic the potential antimasking effects of
the contralateral MOC reflex for speech-in-noise intelligibility with
CIs. Indeed, the MOC strategy can improve the intelligibility of
speech in competitionwith steady-state noise (Lopez-Poveda et al.,
2016a) and single-talker interferers (Lopez-Poveda et al., 2017).
Incidentally, however, by using binaurally coupled back-end
compression, the MOC strategy can also enhance the head-
shadow ILDs in each frequency channel of processing (see Fig. 2
in Lopez-Poveda et al., 2016a), thus the overall ILDs, relative to
that available with two independently functioning processors (the
STD approach). Fig.1B illustrates themechanism in schematic form.
Insofar as BiCI users rely mostly on ILD cues for localization, it
seems possible that sound source localization in the horizontal
plane may be better with the MOC than with the STD strategy. The
main aim of the present study was to investigate this possibility
using virtual acoustic stimuli.
On the other hand, the ILDs delivered by the MOC strategy
depend on the amount of contralateral inhibition of compression,
which can be set using parameters. A second aim was to compare
sound lateralization performance with various implementations of
the MOC strategy designed to reflect more or less realistically the
inhibitory characteristics of the natural contralateral MOC reflex
(Lopez-Poveda and Eustaquio-Martín, 2018).
2. Methods
2.1. Participants
Twelve users of bilateral MED-EL CIs participated in the study
(Table 1). Three of them were tested at the MED-EL US Laboratory
(North Carolina, USA) and nine of them were tested at theifference at the input (ILDi) with two different back-end compression schemes. A. With
inaurally coupled compressors as in the MOC strategy. Each panel illustrates the ILDo
ld on the left side of the head; i.e., when the stimulus (input) level is greater on the left
be identical for the right and the left ear, hence the overlap between the black and gray
r applies more gain (re linear) to the stimulus than the left-ear compressor does. As a
the right ear processor. Therefore, the left ear output inhibits the right-ear compressor
minimal or no change in the left-ear compressor. As a result, ILDo would be larger with
were calculated using Eq. (1), and that the input and output levels are in logarithmic
to an electrical current at maximum comfortable loudness (MCL). RE: right ear; LE: left
Table 1
Participants’ data. Participants whose IDs start with ME and SAwere tested in North Carolina and Salamanca, respectively. F: female; M: male; Un: unknown; He: hereditary;
Ge: genetic; Mg: meningitis; Ab: antibiotics. L: left; R: right.; pps: pulses per second; MCL: maximum comfortable loudness, B: behavioral.









Better ear THR (%
MCL)
Vol (%)
L R L R L R L R L R
ME115 M 81 Un/He 47 47 9 9 1587.3 1587.3 R 0 0 100 100
ME131 M 54 Un/He 30 32 11 11 1578.9 1823.7 L 0 0 100 100
ME132 M 43 Un 62 62 9 9 1587.3 1587.3 R B B 92 100
SA004 F 35 Ge 22 13 11 11 1550 1567 R 10 10 125 120
SA005 M 44 Mg 119 103 11 11 1600 1504 R 0 0 110 100
SA008 M 16 Un 13 129 10 10 1818 1020 R 10 5 130 100
SA009 M 15 Ge 105 148 10 10 1818 1538 R 0 10 125 130
SA010 M 16 Un 140 172 10 10 1695 1099 R 10 0 130 130
SA011 F 44 Un/Ab 22 135 10 10 1754 1734 L 5 5 110 120
SA014 M 48 Mg 175 190 9 9 1846 1143 L 5 5 100 120
SA015 F 35 Mg 147 19 11 11 1405 1653 L 5 5 110 110
SA016 F 74 Un/He 150 119 10 10 1493 1478 L 10 10 110 110
1 All signal processing was done in the digital domain with signals having
instantaneous linear amplitudes in the range (1,þ1) to avoid clipping.
2 In previous publications about the MOC strategy (e.g., Lopez-Poveda et al.,
2016a, 2016b; 2017; Lopez-Poveda and Eustaquio-Martín, 2018), we used the
term “output energy”. The term “output amplitude” is, however, more accurate.
E.A. Lopez-Poveda et al. / Hearing Research 379 (2019) 103e116 105University of Salamanca (Salamanca, Spain). Testing procedures
were approved by the Western Institutional Review Board
(Puyallup, WA) and by the Ethics Review Board of the University of
Salamanca.
2.2. Stimuli
Stimuli consisted of Gaussian noise bursts generated digitally
(using Matlab's randn function) and bandpass filtered between 125
and 6000 Hz with a fourth-order (North Carolina) or first-order
(Salamanca) Butterworth filter to achieve the desired bandwidth.
The noise bursts had a duration of 200ms and were gated with 20-
ms (North Carolina) or 50-ms (Salamanca) raised-cosine onset and
offset ramps. A linear gain was applied to the noise bursts to ach-
ieve the desired presentation level of 20 dB full scale (FS; dB
relative to a peak amplitude at unity). For reference, this level
corresponds approximately to 70 dB SPL in MED-EL's clinical CI
audio processors. For the North Carolina participants, the stimulus
level was randomly roved by up to ±2 dB across stimulus pre-
sentations; for the Salamanca participants, the stimulus level
remained constant across stimulus presentations. The potential
implications of this approach are discussed later.
The level-adjusted noise bursts were preceded and followed by
silence periods with a duration of 20ms, making the stimulus
duration equal to 240ms. To simulate a virtual auditory space,
stimuli were filtered with diffused-field equalized head-related
transfer functions (HRTFs) for a Knowles Electronics Manikin for
Acoustics Research (KEMAR) (Gardner and Martin, 1995). The
HRTFs were for speakers located in an anechoic chamber, 1m away
from the center of the KEMAR's head. Stimuli were filtered through
HRTFs for 0 elevation and for 11 azimuthal angles from75 to 75
separated by 15.
This stimulus choice was intended to facilitate a comparison
between the present results (which were for a virtual acoustic
setting using non-individualized HRTFs and with experimental
processing strategies) with previous reports of the performance of
BiCI users tested in the free-field with their own clinical devices
(Dorman et al., 2014, 2016; see the Discussion).
2.3. Processing strategies
The level-adjusted, HRTF-filtered noise bursts were processed
through the STD and MOC processing strategies before they were
presented to the BiCI participants via direct stimulation (see below).
The STD andMOC strategies have been described in detail elsewhere(Lopez-Poveda, 2015; Lopez-Poveda et al., 2016a; Lopez-Poveda and
Eustaquio-Martín, 2018) and only a summary is given here.
STD and MOC processors were identical except for the back-end
compression stage. Processors were based on the continuous
interleaved sampling (CIS) strategy of Wilson et al. (1991). Each
processor included a highpass pre-emphasis filter (first-order
Butterworth filter with a 3-dB cutoff frequency of 1.2 kHz); a bank
of sixth-order Butterworth bandpass filters whose 3-dB cutoff
frequencies followed a modified logarithmic distribution between
100 and 8500Hz; envelope extraction via full-wave rectification
and lowpass filtering (fourth-order Butterworth lowpass filter with
a 3-dB cutoff frequency of 400Hz); a logarithmic compression
function (fixed for STD and dynamic for MOC processors; see
below); and continuous interleaved sampling of compressed en-
velopes. The number of filters in the bank was identical to the
number of electrodes used for testing in the implant (Table 1), and
equal between the left- and right-ear processors. Processors did not
include a front-end AGC.
The back-end compression function in all processors was as
follows (Boyd, 2006):
y ¼ lnð1þ c,xÞ
lnð1þ cÞ (1)
where x and y are the instantaneous envelope input and output
amplitudes1 to/from the compressor, respectively, both assumed to
be within the interval [0,1]; and c is a parameter that determines
the amount of compression. For the STD processors, c was fixed at
1000 and was identical at the two ears. This value differed slightly
from the value of c¼ 500 used by most of the participants in their
clinical devices [the exceptions were the three North Carolina
participants (ME115, ME131 and ME132), who were using c¼ 1000
in their clinical processors; the right-ear processor of SA011, which
was configured with c¼ 600; the left-ear processor of SA014, which
was configured with c¼ 900; and the left-ear processor of SA015,
which was configured with c¼ 1000]. For the MOC processors, by
contrast, the instantaneous value of c varied dynamically in time
depending upon the instantaneous time-weighted output ampli-
tude2 from the corresponding frequency channel in the
E.A. Lopez-Poveda et al. / Hearing Research 379 (2019) 103e116106contralateral processor: the greater the output amplitude, the
smaller the value of c (on-frequency inhibition). Specifically, c
varied between approximately 30 and 1000 for contralateral output
amplitudes of 0 and 20 dB FS, respectively3 (see Fig. 2 in Lopez-
Poveda et al., 2016a for details).
Inspired by the exponential time-course of activation and
deactivation of the MOC reflex (Backus and Guinan, 2006), in the
MOC strategy, the instantaneous output amplitude from the
contralateral processor, E(t), was calculated as the root mean square
(RMS) amplitude of the compressed envelope integrated over a
preceding exponentially decaying time window with two time
constants (ta and tb, tatb).
To assess the potential benefit of using binaurally coupled back-
end compression for sound source localization (the main aim of the
study), all 12 participants were tested with two processing
strategies:
1. STD. A standard strategy involving two independently func-
tioning processors (one per ear), each with fixed back-end
compression.
2. MOC1. The binaural MOC strategy with fast time constants
ta¼ tb¼ 2ms, as originally implemented and tested elsewhere
(see Lopez-Poveda et al., 2016a, 2016b).
To compare sound source lateralization performance with
various implementations of the MOC strategy designed to reflect
more or less realistically the inhibitory characteristics of the natural
MOC reflex (aim 2 of the study), seven of the 12 participants
(SA008, SA009, SA010, SA011, SA014, SA015 and SA016) were tested
with two additional strategies:
3. MOC2. A MOC strategy with time constants ta¼ 2ms and
tb¼ 300ms, thus closer to the (slower) time course of activation
of the natural MOCR (Backus and Guinan, 2006).
4. MOC3. A bandwidth-normalized, slowMOC strategy (see Lopez-
Poveda, 2017). In the MOC1 and MOC2 strategies, the control of
compressionwas identical across frequency channels; that is, for
each frequency channel, k, the back-end compression param-
eter, ck, was a function of the output amplitude, Ek, and the same
function, ck¼ f(Ek), was used for all frequency channels. As a
result, contralateral inhibition was effectively greater for higher
than for lower frequency channels, particularly for broadband
signals, for two reasons: (1) because the highpass pre-emphasis
filter emphasizes higher frequencies and thus the output
amplitude was larger for higher than for lower frequency
channels; and (2) because high-frequency channels are broader
in frequency and pick up more energy (from broadband signals)
than lower frequency channels. While this would be roughly
consistent with some psychoacoustical studies that have re-
ported larger effects of the MOC reflex at higher than at lower
frequencies (e.g., Bacon and Takahashi,1992; Carlyon andWhite,
1992; Aguilar et al., 2015), it would be inconsistent with other
studies that have reported larger effects of the MOC reflex at
lower than at higher frequencies (Kawase et al., 2003;
Lilaonitkul and Guinan, 2009; Aguilar et al., 2013).
In the MOC3 strategy, the same compression control function
was used for all frequency channels. Compression, however, was3 Note that back-end compression (Eq. (1)) effectively amplifies signal ampli-
tudes. Hence, for noise bursts at 20 dB FS, the levels of the compressed envelopes
at the output of the STD strategy can be larger than 20 dB FS. For example, Fig. 4
shows that for a noise sound source at 60 azimuth with a level at 20 dB FS, the
level at the output of the STD varies between about 15 and 0 dB FS depending on
the ear and the frequency channel.controlled using the output amplitude from each channel







where BWk is the channel bandwidth, BWref is the bandwidth of a
reference frequency channel, and all variables (Ek, Ek, BWk, and
BWref) are in a linear scale. Unless otherwise stated, we chose to
make BWref approximately equal to the bandwidth of the median
channel (the actual normalization channel was #7, #6, #5 and #5
for participants with 12, 11, 10 and 9 active channels, respectively.).
This produced effectively greater inhibition in the lower than in the
higher frequency channels, as shown later and in Fig. 8 of Lopez-
Poveda and Eustaquio-Martín (2018). The exception was SA008,
who had 10 active electrodes and for whom the normalization
channel was #7.
We note that the slow time constant of contralateral inhibition
in the MOC2 and MOC3 strategies was longer (tb¼ 300ms) than
the stimulus duration (200ms). The potential implications of this
choice are described below. Further details about all four strategies
can be found in Lopez-Poveda and Eustaquio-Martín (2018).
2.4. Fitting and loudness level balance
Before any testing, electrical current levels at maximum
comfortable loudness (MCL) were measured using the method of
adjustment. Minimum stimulation levels (i.e., thresholds) were set
to individually measured values, or to 0, 5, or 10 percent of MCL
values (Boyd, 2006), according to each participant's preference
(Table 1). Post-processor volume controls were used to ensure that
sounds at the two ears were perceived as comfortable and equally
loud, and that sentences filtered with the HRTF for 0 elevation and
0 azimuth were perceived in the center of the head. The volume
setting in each processor adjusted the electrical current at MCL
without affecting current threshold, such that a volume at 100%
meant that the maximum output current remained at MCL and a
volume greater than 100% resulted in a linear scaling-up of the
programmed electrical current for MCL (an approach depicted as
“Innsbruck” or IBK in Fig. 2 in Boyd, 2006). The volume scaling
affected all electrodes equally. Note that a volume setting above
100% was required for some subjects to achieve appropriate loud-
ness levels (Table 1). Thresholds, MCL levels and processor volumes
were set with the STD strategy and remained identical for the MOC
strategies to ensure that the contralateral inhibition in the MOC
strategies produced the corresponding reductions in stimulation
amplitudes (i.e., reduced loudness or audibility) relative to the STD
condition that would be expected from the natural MOC reflex (e.g.,
Aguilar et al., 2015). In other words, thresholds, MCL and volumes
did not affect MOC processing.
2.5. Procedure
For each processing strategy, participants were presented with
eight noise tokens for each one of the 11 azimuthal angles (88 noise
tokens in total). The 88 noise tokens were presented in random
order. During the presentation of the stimuli, participants sat in
front of a computer screen that displayed a top view of a human
head with an array of speakers in front of the head (Fig. 2). For each
stimulus presentation, the subject was instructed to judge the
azimuthal position of the sound source by clicking on the corre-
sponding speaker in the computer screen. The click of a response
triggered the processing of a freshly generated noise stimulus
Fig. 2. The response window used in Salamanca.
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processed stimulus to the participant. In North Carolina, the
response screen displayed 11 speakers spaced every 15 over an
azimuth range from 75 to 75. In other words, the range of
possible responses was equal to the range of actual azimuth loca-
tions. In Salamanca, the screen displayed an array of 37 speakers
spaced every 5 over an azimuth range from 90 to 90 (Fig. 2),
even though stimuli were presented at azimuths from 75 to 75
every 15. The latter approach was used to increase the angle error
at chance performance (see below).
In North Carolina, tests were conducted in two blocks of four
measurements per angle (i.e., two blocks of 44 presentations) per
strategy. Participants ME115 and ME132 performed the tests in the
order STD, STD,MOC1, andMOC1, while ME131 performed the tests
in the order MOC1, STD, STD, and MOC1. In Salamanca, tests were
conducted in one block of eight measurements per angle per
strategy (88 presentations in total) and the different processing
strategies were tested in random order. Additional precautions
were taken to minimize potential learning effects that might have
biased scores across strategies. First, participants were encouraged
to train themselves on the task by clicking on any of 37 speakers
evenly spaced every 5 over an azimuth range from90 to 90 and
listening to the corresponding stimulus (that is, during training,
participants could hear stimuli at all those azimuthal locations
while for testing, stimuli were presented at a subset of locations).
Training was provided independently for each processing strategy
and for as long as each participant deemed necessary. Second,
during the measurements, feedback was not given to participants
on the correctness of their responses. Third, participants did not
know which processing strategy they were training on or being
tested with. Fourth, in Salamanca, the full protocol (four strategies
and 88 stimulus presentations per processing strategy) was
administered twice for all participants except SA005 and SA008
and the results of the first round were regarded as practice and
discarded from further analysis.
Importantly, all tests were ‘double-blind’ such that neither the
experimenter nor the participant knew the strategy that was being
tested at any time.2.6. Equipment
The MATLAB software environment (R2014a, The Mathworks,
Inc.) was used to perform all signal processing and implement all
test procedures, including the presentation of electric stimuli.
Stimuli were generated digitally (at 20 kHz sampling rate, 16-bit
quantization), processed through the corresponding coding strat-
egy, and the resulting electrical stimulation patterns deliveredusing the Research Interface Box 2 (RIB2; Department of Ion Physics
and Applied Physics at the University of Innsbruck, Innsbruck,
Austria) and each patient's implanted receiver/stimulator(s).
2.7. Analyses
Response matrices were generated by plotting the reported
against the actual azimuth angles. Localization accuracy was







where Xi and Yi denote the actual and reported azimuth angles for
the i-th stimulus presentation, and N is the total number of pre-
sentations (N¼ 88). Localization accuracy was also quantified using
the Pearson correlation coefficient between actual and reported
azimuth angles, RXY. These two performance metrics are comple-
mentary. The correlation coefficient can be advantageous over the
RMS angle error when the reported location is systematically to the
left or the right of the actual location due to potentially inadequate
binaural loudness balance (e.g., see Fig. 3 in Tyler et al., 2006).
Conversely, the correlation coefficient is insensitive to potential
systematic lateralization bias (i.e., to vertical offsets in the response
matrices) that might increase εRMS. Both RXY and εRMS are
commonly used to quantify accuracy in localization studies (e.g.,
Majdak et al., 2013; Marmel et al., 2018).
Kolmogorov-Smirnov tests (with Lilliefors correction) were
used to test if the distributions of angle error and correlation co-
efficient were normal. When this happened, parametric repeated-
measures analyses of the variance (RMANOVA) and/or paired Stu-
dent's t tests were used to test for the statistical significance of
processing strategy on angle error or correlation scores. When the
distributions were not normal, then Friedman and Wilcoxon
signed-rank tests were conducted instead. An effect was regarded
as statistically significant when the null hypotheses could be
rejected with 95% confidence (p 0.05). For tests involving multi-
ple groups or variables, post hoc pairwise comparisons were con-
ducted using Bonferroni corrections of the p value for multiple
comparisons. All statistical tests were conducted in IBM SPSS Sta-
tistics v23.
3. Results
In this section, we first analyze the level cues provided by the
different processing strategies and their time course. We then
compare localization scores for the (originally proposed) MOC1
strategy with those for the STD strategy (aim 1 of the study). Lastly,
we compare localization scores for the various implementations of
the MOC strategy (MOC1, MOC2 and MOC3) with those for the STD
strategy (aim 2 of the study).
3.1. Level cues provided by the STD and MOC strategies
Fig. 3 shows output envelopes for a sound source located
at 60 azimuth from STD, MOC1, MOC2 and MOC3 processors
with 10 frequency channels, the typical number of channels for the
present participants (Table 1). For conciseness, output envelopes
are shown for three channels only: channel #3 (bottom row), #5
(middle row) and #10 (top row), with center frequencies of 501,
1159 and 7230 Hz, respectively. The left and middle columns
illustrate output amplitudes for the left ear and right ear, respec-
tively, and the right-most column illustrates the difference in
output amplitude between the left and the right ears (note that this
Fig. 3. Example output signals (compressed envelopes) and interaural amplitude difference for STD, MOC1, MOC2 and MOC3 processors with 10 frequency channels, and for a
sound source located at 60 azimuth. The MOC3 strategy was implemented with BWref¼ BW#5. The stimulus was a ten-tone complex (2 s in duration with 50-ms onset and offset
ramps), with all tones having identical input level. The overall stimulus level was 20 dB FS. Each row shows signals for a different frequency channel with center frequencies (fc) of
501 Hz (channel #3, bottom row), 1159 Hz (channel #5, middle row), and 7230Hz (channel #10, top row). Left column. Amplitude at the output of the left ear processor. Middle
column. Amplitude at the output of the right ear processor. Right column. Difference in output amplitude between the left and the right ear. Each panel illustrates four traces (one
per processing strategy), as indicated by inset in panel I. See main text for details.
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better illustrate the effects of contralateral inhibition in the MOC
strategies, the stimulus consisted of ten pure tones equal in
amplitude andwhose frequencies were approximately at the center
of the processors' frequency channels. The stimulus was long
enough (its duration was 2 s with 50-ms cosine-squared onset and
offset ramps) to reveal the full inhibitory effects of the slower MOC
strategies, and its overall level was set at 20 dB FS, thus equal to
the level of the noise bursts used in the localization experiments. To
facilitate the visualization of the different traces using different line
styles, the output signals were first smoothed (using Matlab's
smooth function) and then downsampled from 20 kHz to 40 Hz.
The figure illustrates the following:
1. For any given processing strategy and frequency channel, the
output amplitude was greater for the left ear (left column in
Fig. 3) than for the right ear (middle column in Fig. 3). This is
because the sound source was located on the left side of the
head (at60 azimuth) and the HRTF introduced a head shadow
ILD. The interaural amplitude difference (right panels in Fig. 3)
was larger for channel #10 than for channels #3 or #5 because
channel #10 was higher in frequency and the head shadow ILD
is greater at higher than at lower frequencies (e.g., Blauert, 1997;
Lopez-Poveda, 1996).2. In the right ear (the shadowed ear in this example; middle
column in Fig. 3), the amplitude was always greater or equal for
the STD strategy than for any of the MOC strategies. This is
because in the MOC strategies, the ear with the largest output
amplitude inhibits the ear with the smallest output amplitude
more than the other way around (see Methods). Because the
output amplitude in this example was greater for the left ear
than for the right ear, the left ear inhibited the right ear more
than the other way around, which reduced the output ampli-
tude more in the right than in the left ear.
3. Contralateral inhibition was faster for the MOC1 than for the
MOC2 or MOC3 strategies. For the MOC2 or MOC3 strategies, it
took approximately 1 s for the output amplitude in the right ear
to achieve its asymptotic value. The different time course be-
tween the MOC strategies was related to using a faster time
constant of contralateral inhibition in the MOC1 than in the
MOC2 or MOC3 strategies (see Methods).
4. The interaural amplitude difference (right column in Fig. 3) was
equal or greater for any MOC strategy than for the STD strategy.
This is because contralateral inhibition in the MOC strategies
reduced the output amplitude in the right ear.
5. In the high frequency channel #10, the asymptotic interaural
amplitude difference was greater with the MOC1 and MOC2
strategies than with the MOC3 strategy (Fig. 3C). The opposite
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three strategies produced equal amount of contralateral inhi-
bition, thus an equal interaural amplitude difference in the
asymptote. The different effect of MOC processing on the
interaural amplitude difference was related to using (or not)
bandwidth normalization (see Methods).
Fig. 4 illustrates the RMS output level (computed over the whole
stimulus duration and expressed in dB FS) and the ILD (in dB) for
each frequency channel and for various processors with 10 fre-
quency channels. In this example, stimuli were identical (200-ms,
wideband noise bursts) as those used in the experiments and the
sound source was located at 60 azimuth. The top and middle
panels illustrate output levels for the left and right ears,Fig. 4. Output level (in dB FS) at the left ear (A), right ear (B), and ILD (C) as a function
of channel number for STD, MOC1, MOC2, and MOC3 sound processors with 10 fre-
quency channels. Also shown are the levels and ILD for a linear STD processor with
minimal back-end compression (STD_LIN). The stimulus was a 200-ms wideband noise
burst identical to those used for testing and the source was located at 60 azimuth.
The MOC3 strategy was implemented with BWref¼ BW#5.respectively; the bottom panel illustrates the ILD calculated as
20 log10(OLE/ORE), with OLE and ORE denoting the RMS output
amplitudes (in linear units) at the left and right ears, respectively.
To illustrate the effect of compression, Fig. 4 also shows the output
levels and ILDs for a ‘linear’ STD strategy without back-end
compression [achieved by setting c¼ 1e10 in Eq. (1)]. The peak
and valleys of the STD-LIN trace reflect the stimulus spectrum
combined with the spectral shape of the HRTF, the highpass pre-
emphasis filter, and the filter bank. The figure shows that for all
strategies and channels, the output level was greater or equal for
the left ear than for the right ear. This is because the sound source
was located on the left side of the head and the HRTF introduced a
head shadow ILD. In addition, the output level was greater for any
strategy than for STD-LIN because all four strategies (STD, MOC1,
MOC2 andMOC3) applied back-end compression that amplified the
lower input levels more than the high input levels. Compression,
however, reduced the spectral contrast at each ear as well as the ILD
(Fig. 4C). We note that of the four test strategies, the MOC1 strategy
provided spectral contrast and ILDs that were most similar to the
values that would be available without the ‘detrimental’ effects of
compression (depicted as STD-LIN in Fig. 4). We also note that the
MOC2 andMOC3 strategies provided similar output levels, ILDs and
spectral contrast as the STD strategy did because the stimulus was
shorter (200ms) than the time required for full activation of
contralateral inhibition in the MOC2 and MOC3 strategies (Fig. 3).
Fig. 5 illustrates the overall output levels at each ear as well as
the ILD as a function of azimuth angle for STD, MOC1, MOC2, and
MOC3 strategies with 10 frequency channels. Stimuli were identical
(200-ms, wideband noise bursts) as those used in the experiments
andwere vocoded (using noise carriers) through the corresponding
processing strategy. The vocoder has been described elsewhere
(Lopez-Poveda and Eustaquio-Martín, 2018). For reference, the
figure also shows the stimulus levels at the input of the processors
(i.e., after HRTF filtering), depicted as HRTF. Because the MOC
strategies are sensitive to stimulus levels (see Lopez-Poveda, 2015),
results are shown for stimulus levels of 40, 30, 20 and 10 dB
FS, as indicated at the top of each column. (Note that the present
experiments with BiCI users were conducted with stimuli
around 20 dB FS).
Fig. 5 illustrates the following:
1. For all strategies, the overall output levels at each ear increased
gradually with increasing stimulus level (i.e., levels increased
from the left-most to the right-most panels in the top and
middle rows of Fig. 5). However, the difference between the
input (HRTF) and the output levels decreased with increasing
stimulus level (i.e., the length of the vertical arrows in the top
and middle rows of Fig. 5 decreased from left to right). This is
because back-end compression (Eq. (1)) amplified the lower
input levels more than the higher input levels.
2. At each ear, the MOC1 strategy produced the steepest level-
azimuth functions, the more similar in slope to the corre-
sponding HRTF functions, and the more constant in slope across
the range of stimulus levels tested (i.e., the dashed lines and the
filled triangles in the top and middle rows had identical or very
similar slopes from left to right). The STD, MOC2 and MOC3
strategies, by contrast, produced level-azimuth functions that
became gradually shallower as the stimulus level increased
(their slope decreased from left to right in Fig. 5). In other words,
the MOC1 strategy preserved to a larger extent the monaural
HRTF level localization cues across the range of stimulus levels
tested. For the STD strategy, these monaural level cues
decreased gradually with increasing sound level because
compression enhanced the lower input levels in the shadowed
ear more than the higher input levels in the ear closer to the
Fig. 5. Overall output level at the left ear (LE, top row), right ear (RE, middle row), and ILD (bottom row) as a function of azimuth location for noise-vocoded stimuli with STD,
MOC1, MOC2, and MOC3 sound processors with 10 frequency channels. The MOC3 strategy was implemented with BWref¼ BW#5. Also shown are the amplitudes at the input of the
processors and the corresponding ILDs, depicted as HRTF. Each column shows results for a different stimulus level, from 40 to 10 dB FS, as indicated at the top of the column.
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used in all MOC strategies can theoretically preserve those
monaural cues, only the MOC1 strategy preserved those cues
because only for this strategy was contralateral inhibition
maximally active over the virtually full stimulus duration (i.e., as
noted earlier and in Fig. 3, the stimulus duration was shorter
than the time required for full activation of contralateral inhi-
bition in the MOC2 or MOC3 strategies).
3. The MOC1 strategy produced the largest ILD, the closest to the
HRTF ILD, and the more constant across the range of stimulus
levels tested. By contrast, the ILD was comparable for the MOC2,
MOC3 and STD strategies, was smaller than the HRTF ILD, and
nearly halved as the stimulus level increased from 40
to10 dB FS. The ILD was largest for the MOC1 strategy because
only for the MOC1 strategy was contralateral inhibition maxi-
mally active over virtually the full stimulus duration (see Fig. 3).3.2. Localization with the MOC1 and STD strategies
Neither the angle error nor the correlation coefficient for each
individual participant from the smaller North Carolina group
(N¼ 3) were outside the mean plus or minus two standard de-
viations interval for the more numerous Salamanca group (N¼ 9).
Furthermore, the North Carolina and Salamanca groups were notsignificantly different in mean angle error or correlation coefficient
with either the STD or the MOC1 strategies (two-tailed Student t
tests for unequal sample sizes with unequal variances produced p
values of 0.45 for the difference in mean angle error between the
two groups with the STD strategy, 0.13 for the difference in mean
angle error with the MOC1 strategy; 0.56 for the difference in mean
correlation coefficient with the STD strategy; and 0.95 for the dif-
ference in mean correlation coefficient with the MOC1 strategy).
This justified analyzing the data for the Salamanca and North Car-
olina participants jointly.
Fig. 6 shows example response matrices for two example par-
ticipants: the ‘best’ overall performer with the smallest angle errors
(SA004, top panels) and a typical performer with angle error scores
close to the group mean scores (SA014, bottom panels).
Fig. 7 illustrates individual and group mean localization angle
error scores (εRMS, Eq. (3)) for the MOC1 and STD strategies. Chance
performance for the North Carolina and Salamanca setups (calcu-
lated by assessing random localization performance) was approx-
imately 64 and 70, respectively. All participants performed better
than chance. For eight of the 12 participants, the angle error was
smaller for the MOC1 than for the STD strategy. For participants
SA005, SA009, SA011, and SA015, the angle error was comparable
for the two strategies. Kolmogorov-Smirnov tests (with Lilliefors
correction) revealed that angle error scores for the STD and MOC1
strategies each conformed to a normal distribution (p> 0.200), thus
Fig. 6. Example localization matrices for two BiCI users: SA004 (top) and SA014 (bottom). A pair of matrices is shown for each participant: one for the STD strategy (left) and one for
the MOC1 strategy (right). Within each matrix, the reported azimuth is shown as a function of presented azimuth angle. Eight stimuli were presented for each azimuth angle. The
size of each point is proportional to the number of responses at the corresponding angle. Lines show the mean reported angle for every actual angle and error bars illustrate one
standard deviation.
Fig. 7. Angle error for the MOC1 and STD strategies, as indicated by the inset. Results
are shown for each individual participant and the mean across participants. Lower
values indicate better performance. Error bars for the mean scores depict one standard
deviation. **: p 0.01.
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error score with the MOC1 and STD strategies. The group
mean angle error score was smaller for the MOC1
(mean± s.d.¼ 22.7±3.6) than for the STD strategy (25.3±4.1)
and the difference was statistically significant (two-tailed, paired
Student's t-test, p¼ 0.0015, N¼ 12).Fig. 8 shows the correlation coefficient (RXY) between the actual
and reported azimuth for the MOC1 and the STD strategies for each
individual participant and the mean across participants. Nine par-
ticipants showed higher (better) correlation coefficients with the
MOC1 than with the STD strategy and three participants (SA004,
SA005 and SA008) showed similar correlation coefficients with the
two strategies. Kolmogorov-Smirnov tests (with Lilliefors correc-
tion) revealed that the correlation coefficients for the STD and
MOC1 strategies each conformed to a normal distribution
(p> 0.200). The group mean correlation coefficient was higher
(better) with the MOC1 (mean± s.d.¼ 0.92± 0.024) than with the
STD strategy (0.89± 0.037) and the difference was statistically
significant (two-tailed, paired Student's t-test, p¼ 0.005, N¼ 12).
Fig. 9A allows a comparison of groupmean angle error scores for
the MOC1 and the STD strategy for each azimuth location. The two
strategies produced similar errors (within ±2) for azimuths at or
near ±30 (Fig. 9B). The MOC1 strategy, however, tended to
improve lateralization for virtually every other azimuth, particu-
larly for sources near the midline (i.e., for azimuths between 15
andþ15) and on the far sides (i.e., for azimuthsþ60 or60).
A RMANOVA revealed a statistically significant effect of processing
strategy [F(1,11)¼ 10.52, p¼ 0.008]. However, neither the effect of
angle [F(10,110)¼ 1.37, p¼ 0.220] nor the interaction between
processing strategy and angle were statistically significant
[F(10,110)¼ 0.85, p¼ 0.581].
Fig. 8. Correlation between presentation and response azimuth for the MOC1 and STD
strategies, as indicated by the inset. Results are shown for each individual participant
and the mean. Higher values indicate better performance. Note that the ordinate scale
starts at 0.75 rather than zero to better show small differences. Error bars for the mean
scores illustrate one standard deviation. **: p 0.01.
Fig. 9. A. Mean RMS error angle for each azimuth location and for the STD and MOC1
strategies. Error bars illustrate one standard error of the mean (N¼ 12). Data points
have been slightly displaced horizontally to reduce overlap. B. Mean localization
improvement with the MOC1 strategy, calculated as the mean angle error for the STD
strategy minus the mean angle error for the MOC1 strategy, all in degrees.
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Seven of the 12 participants (SA008, SA009, SA010, SA011,
SA014, SA015, and SA016) were tested with the STD, MOC1, MOC2
and MOC3 strategies. Fig. 10 allows a comparison of localizationperformance with the different strategies. The trends were
different for different participants.
The worst performance occurred for participant SA008 with the
MOC3 strategy (angle error¼ 35, correlation¼ 0.75). This was
probably due to two factors. First, SA008 was the worst performer
overall, regardless of the strategy. Second, in implementing the
MOC3 strategy, BWref was made equal to BW#7 for participant
SA008, while it was approximately equal to the BW of the median
channel for all other participants (see Methods). Participant SA008
had 10 active electrodes and so normalizing to BW#7 probably
caused excessive inhibition that compromised audibility, which
may have degraded his performance. For these reasons, MOC3
scores for participant SA008 were omitted from the mean values in
Fig. 10 and from the following statistical analyses.
Kolmogorov-Smirnov tests (with Lilliefors correction) showed
that angle error scores conformed to a normal distribution for all
four strategies (mean± s.d. for STD: 27.4±3.1, p¼ 0.150; MOC1:
24.5±2.7, p> 0.200; MOC2: 27.2±3.8, p¼ 0.135; MOC3:
24.6±2.5, p> 0.200), thus it was justified to use a RMANOVA to
test for the effect strategy on angle error score. The RMANOVA test
revealed no significant effect of processing strategy on angle error
[F(3,15)¼ 1.49, p¼ 0.26].
Kolmogorov-Smirnov tests (with Lilliefors correction) revealed
that the correlation coefficient conformed to a normal distribution
for the STD (0.88± 0.026, p> 0.200), MOC2 (0.88± 0.036,
p> 0.200), and MOC3 (0.89± 0.024, p> 0.200) strategies, but not
for the MOC1 strategy (0.91± 0.025, p¼ 0.011). A Friedman test
revealed a statistically significant difference in correlation between
actual and reported azimuth depending on the strategy
[c2(3)¼ 9.343, p¼ 0.025]. Post-hoc pairwise analysis with Wil-
coxon signed-rank revealed a trend for better (higher) correlation
with the MOC1 than with any other processing strategy (STD vs.
MOC1: Z¼2.521, p¼ 0.012; STD vs. MOC2: Z¼0.140, p¼ 0.889;
STD vs. MOC3: Z¼0.507, p¼ 0.612; MOC1 vs. MOC2: Z¼2.240,
p¼ 0.025; MOC1 vs. MOC3: Z¼2.197, p¼ 0.028; MOC2 vs. MOC3:
Z¼0.338, p¼ 0.735). However, none of the pairwise comparisons
would remain as statistically significant after Bonferroni correction
for multiple comparisons [i.e., none of the p values was smaller
than the corrected critical p< 0.0083 (¼0.05/6)].
4. Discussion
We have shown that, compared to using two independently
functioning CI processors with fixed back-end compression (the
STD strategy), the MOC1 strategy (with fast, binaurally coupled
dynamic compression) enhances ILD cues (Figs. 4 and 5) and im-
proves the localization of acoustic stimuli in a virtual horizontal
plane (Figs. 7 and 8). Alternative implementations of the MOC1
strategy with slower (longer) time constants of integration (MOC2)
and with greater inhibition in the lower than in the higher fre-
quency channels (MOC3) can also enhance ILD cues for sufficiently
long stimuli (Fig. 3). However, these (more realistic) implementa-
tions of the MOC strategy did not enhance the ILDs (Fig. 5) and did
not improve the localization of the (short) 200-ms noise bursts
used here relative to the STD strategy (Fig. 10).
4.1. Interpretation
BiCI users rely mostly on ILD cues to judge the location of sound
sources in the horizontal plane (Dorman et al., 2016; Laback et al.,
2004; Litovsky and Gordon, 2016; Seeber and Fastl, 2008). Consis-
tent with this, many aspects of the present results appear to be
explained by the ILD versus azimuth functions produced by the
tested strategies (Fig. 5K). For example, response matrices tended
to flatten from azimuths of ±60 (Fig. 6) possibly because all
Fig. 10. Angle error (A) and Pearson correlation (B) between presentation and response angles for the STD, MOC1, MOC2 and MOC3 strategies. Values are shown for individual
participants and the mean across participants. Error bars for the mean scores illustrate one standard deviation. MOC3 scores for participant SA008 are not included in the mean
scores for the MOC3 strategy because the MOC3 strategy for this participant was implemented with the wrong BWref (see main text for details). Note that the scale in the ordinate of
the bottom panel starts at 0.7 rather than zero to better show smaller differences. Individual scores for the STD and MOC1 strategies are re-plotted from Figs. 7 and 8.
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beyond 60. RMS angle errors tended to be smaller at 60 (Fig. 9A)
possibly because stimuli (and response screens) were bounded at
75/90 and ILDs were approximately constant for azimuths 60,
leading listeners to response at 60.
For the present (200-ms long) stimuli, the MOC1 strategy pro-
duced the largest ILDs and the steepest ILD-versus-azimuth func-
tion. Furthermore, ILDs for the MOC2, MOC3 and STD strategies
were smaller than for the MOC1 strategy, and the corresponding
ILD-versus-azimuth functions were shallower (Fig. 5K). This sug-
gests that localization was overall better with the MOC1 strategy
because this strategy provided ILDs that were larger than the just-
noticeable difference (JND) in ILD for the participants and coded for
azimuth less ambiguously than any other strategy did.
The interaction between RMS angle error and azimuth was not
statistically significant. Nonetheless, the localization improvements
with the MOC1 strategy (re STD) tended to be larger in the frontal
region (azimuths between 15 to 15; Fig. 9), which is also thearea with the smaller ILDs (Fig. 5K). This may be because at small
angles, the ILDs provided by the STD strategy were smaller than or
close to the JND-ILD of the listeners and became discernible with
theMOC1 strategy (note that the JND-ILD is smaller at small angles;
e.g., Fig. 3 in Yost and Dye, 1988).
4.2. Limitations
In measuring sound localization performance, it is common
practice to rove the level of the acoustic stimulus to maximize the
chance that localization be based on a ‘true’ interaural level cue
rather than on the absolute level at either ear (e.g., Seeber et al.,
2004; Majdak et al., 2011). Here, we roved the stimulus level for
the three participants tested in North Carolina only but not for the
nine participants tested in Salamanca. It is unlikely, however, that
conclusions would have been different if we had roved the level for
all participants. First, the monaural level-versus-azimuth functions
at either ear were shallower than the corresponding ILD-versus-
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stimulus level of 20 dB FS, the level at any ear changed by less
than 10 dB over the 60 to 60 azimuth range while the corre-
sponding ILD change was about 20 dB. This held true over a stim-
ulus range from 40 to 10 dB FS. This indicates that the ILD was a
more salient and possibly less ambiguous localization cue than the
level at any single ear, even with roving of the stimulus level.
Second, the trends in the data for the three participants tested with
level roving was similar as for the other participants or the mean
(e.g., angle errors were smaller, and correlations were greater with
the MOC1 than with the STD strategy). However, monaural level
cues might have been sufficient for localization if the level change
across azimuths exceeded the level JND of the listener, particularly
for the MOC1 strategy because it produced the steeper level-
versus-azimuth functions (Fig. 5). Therefore, we cannot entirely
rule out that the task could be performed to some uncertain extent
by monitoring the stimulus level at a single ear.
The stimulus duration (200ms) was shorter than the time
required for a full activation (and deactivation) of contralateral
inhibition in the MOC2 or MOC3 strategies (Fig. 3). As a result, the
ILDs for the present stimuli were probably smaller than they would
have been for longer stimuli. Indeed, vocoder simulations (not
shown) revealed that the overall ILD for azimuth angles of ±60
would have been about 3 dB larger for theMOC2 strategy and about
1 dB larger for the MOC3 strategy if the stimulus duration had been
2 s rather than 200ms (note that the use of longer stimuli would
hardly increase the ILDs produced by the MOC1 strategy because
contralateral inhibition was very fast in this strategy; i.e., ta and tb
were 2ms). Therefore, it is possible that the use of longer stimuli
might improve localization performance with the MOC2 and MOC3
strategies to some uncertain extent.
Many individual participants showed better localization with
the MOC1 than with the STD strategy (Figs. 7 and 8) even though
the STD strategy was the most similar to the audio processing
strategies worn by the participants in their clinical devices and
participants were not given much opportunity to become fully
accustomed to MOC processing before testing. Fig. 11 compares
angle error scores across the practice session and the data collec-
tion session for those participants who had the two sessions. Error
scores tended to be smaller in session 2 than in session 1 (i.e., mostFig. 11. Comparison of angle error scores for the practice measurement session (M1,
abscissa) and the test session (M2, ordinate). Different symbols illustrate results for
different processing strategies, as shown by the inset. Open symbols illustrate results
for six (MOC2 and MOC3 strategies) or seven (STD and MOC1 strategies) individual
participants and filled symbols illustrate group mean results.data points are below the diagonal), suggesting that performance
tended to improve with practice. In addition, the vertical offset
from the diagonal tended to be larger for participants with larger
angle errors in the practice session, suggesting that practice
benefited those who performed worse in the first session more
than thosewho performedwell. Last, the difference in performance
across the two sessions (i.e., the potential effect of practice) tended
to be smaller for the STD strategy than for any of the MOC strate-
gies, possibly because the STD strategy provided localization cues
most similar to those provided by the participants’ own clinical
devices. Altogether, this suggests that the potential benefits from
the MOC1 strategy (and MOC processing in general) could become
larger with practice and/or a sustained use of the MOC strategies.
4.3. Comparison with related studies
The present tests were in simulated free-field conditions and the
processing strategy used as the reference (the STD strategy) may
have differed from the processing employed by the participants in
their clinical devices. One might wonder (1) to what extent are the
present results representative of lateralization in the free field? And
(2) to what extent may the present findings generalize to clinical
audio devices?
For listeners with normal hearing, the use of non-individualized
HRTFs degrades the spectral details responsible for determining
sound source elevation (e.g., Marmel et al., 2018) but to a large
extent preserves the interaural difference cues responsible for
determining the location of a sound source in the horizontal plane
(Wenzel et al., 1993). Francart et al. (2011) reported that for lis-
teners wearing a CI in one ear and a hearing aid in the other ear, the
mean angle error for lateralization in a virtual sound field (28.4)
did not differ from that in the real sound field (31.5). The angle
errors obtained here with the reference, STD strategy (18 to 33,
mean¼ 25.3, Fig. 7) were within the range of values reported in
the literature for BiCI users tested with their clinical audio pro-
cessors and for sound sources in the free field spanning a (broad)
azimuth range similar to the one used here [e.g., the mean angle
error in the free field was 24.5 in Nopp et al. (2004); 24.0 in
Verschuur et al. (2005); 24.1 for noise and 21.5 for speech signals
in Grantham et al. (2007); 20.4 for a wideband signal, 19.6 for a
highpass signal, and 43.4 for a lowpass signal in Dorman et al.
(2014); or 29.0 in Dorman et al. (2016)]. While some studies
have reported smaller angle errors [e.g., 10 in van Hoesel and Tyler
(2003)] or BiCI users performing close to normal (e.g., Seeber et al.,
2004; Seeber and Fastl, 2008), this was probably due to using a
narrower azimuth range over which the ILD-vs-angle is monotonic.
For example, van Hoesel and Tyler (2003) used eight loudspeakers
spaced at 15.5 and spanning 108 in front of the participant, and
Seeber et al. (2004) and Seeber and Fastl (2008) used 11 speakers
spaced at 10 from 50 to 50. Therefore, altogether it is unlikely
that the use of non-individualized HRTFs affected localization
significantly. Even if it did, the effects of using non-individualized
HRTFs would have been comparable across processing strategies.
Altogether, this supports the conclusion that (1) the present results
for the STD strategy are likely representative of the results that
would be obtained with clinical devices in the free field; and (2)
that it would not be unreasonable to generalize the reported effects
of processing strategy to free-field tests.
We note, however, that the present tests were conducted
without a front-end AGC. This differs from most clinical audio
processors, which include a front-end broadband AGC compression
stage (Zeng, 2004). In addition, we balanced the volume at the two
ears to ensure that sentences at the two ears were perceived
equally loud. This differs from typical clinical practice, where the
output volume of each processor is set independently (Ching et al.,
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for a KEMAR (thus nonindividualized) and were recorded with
microphones placed at the eardrum position in a minimally re-
verberant (anechoic) room (Gardner and Martin, 1995). Therefore,
the present HRTFs almost certainly provided different localization
cues (input ILDs were possibly larger) than the participants were
used to with their clinical audio processors in realistic, reverberant
listening conditions. While binaural loudness balancing would
seem appropriate in clinical practice and excluding AGC seems
reasonable for isolating the effects of back-end compression on
localization, participants may have adapted to different ILD-to-
angle functions than they were used to with their devices in daily
life.
BiCI users lateralized more accurately with the MOC1 than with
the STD strategy (mean angle error was 22.7 versus 25.3,
respectively). The MOC strategies were designed to reinstate the
contralateral, dynamic control of compression mediated by the
natural contralateral MOC reflex, which is absent for BiCI users
(Lopez-Poveda et al., 2016b; Lopez-Poveda, 2018). If successful, one
would expect the performance of BiCI users with the MOC strate-
gies to be closer to the performance of listeners with normal
hearing in the same task. The comparison remains to be done. It is
unlikely, however, BiCI users would show normal localization ac-
curacy with the MOC1 strategy in realistic free-field settings. In
natural listening environments, normal-hearing listeners have ac-
cess to individualized ITD, ILD and spectral cues that would still be
absent to BiCI users with the MOC strategy. Dorman et al. (2016)
reported that in a free-field localization task with stimuli iden-
tical to the stimuli employed here and with a similar speaker
arrangement, mean angle error scores were significantly greater
(worse) for BiCI users than for young, normal-hearing listeners (29
versus 6) and even the ‘best’ BiCI users had error scores above the
95th percentile of scores for young, normal-hearing listeners. This
suggests that the mean angle error improvement of 2.6 provided
by the ‘best’ MOC1 strategy would be insufficient to bring the
performance of BiCI users equal to that of normal-hearing listeners,
even if BiCI users were given sufficient practice on the MOC1
strategy.
4.4. Comparison with other binaural processing strategies
Several ILD-enhancement methods have been recently pro-
posed. For example, Moore et al. (2016) proposed to enhance ILDs
at low frequencies (1500 Hz; the frequency range where HRTF
ILDs are smaller and ITDs are greater) by ‘mapping’ inter-aural
phase differences into ILDs. The method was expected to create a
(correct) perception of sound source location, even if the listener is
insensitive to the corresponding ITD, as might be the case for
typical BiCI users. The method was tested on bilateral hearing-aid
users using simulated hearing aids. The algorithm did not
improve the localization of noise sources but improved the locali-
zation of speech sources by a few degrees at some azimuths (the
mean improvement across azimuths was not reported). Dieudonne
and Francart (2018) proposed to enhance head shadow ILDs using a
fixed beamformer with contralateral attenuation in each ear. The
methodwas tested on normal-hearing listeners simulating bimodal
stimulation (i.e., listening with a simulated CI in one ear and a
simulated hearing loss in the other ear). RMS localization angle
errors improved from 50.5 without the beamformer to 26.8 with
the beamformer. While potentially useful for BiCI users, to our
knowledge neither method has yet been tested on BiCI users.
Therefore, it is not possible to directly compare their benefit with
the benefit provided by MOC processing.
Other ILD-enhancement approaches have been specifically
designed and tested for BiCI users. For example, Francart et al.(2011) proposed an ILD enhancement algorithm for bimodal CI
users that improved individual lateralization scores in a virtual
sound field by 4 to 10. The mean angle error decreased from 28.4
without ILD enhancement to 20.6 with enhancement. Brown
(2018) proposed a sound processing strategy intended to provide
BiCI with larger than normal ILD cues. Mean angle errors improved
from 31.0 without enhancement to 12.8 with ILD enhancement.
These ILD-enhancement strategies provide better absolute lateral-
ization scores and larger improvements with respect to the refer-
ence condition than the MOC1 strategy (mean angle error¼ 22.7,
improvement re STD¼ 2.5; Fig. 7). We note, however, that the
enhancement of ILD cues in the MOC1 strategy is an emergent
property of MOC processing rather than an intended effect (Lopez-
Poveda, 2015). Furthermore, MOC processing distinguishes itself
from the ILD-enhancement methods just described in that it is
computationally simpler and requires little streaming between the
pair of CIs. Both these characteristics make the MOC strategy suit-
able for implementation in clinical devices.
4.5. A final remark: which MOC strategy?
In addition to improving sound source lateralization scores, the
MOC1 strategy can also improve the intelligibility of speech when
the target source is presented in competition with another talker
(Lopez-Poveda et al., 2017) or with a source of steady-state noise
(Lopez-Poveda et al., 2016a). The MOC1 strategy, however, has
potential drawbacks: (1) it can reduce the speech information in
the ear opposite to the target source (i.e., the ear with the worse
acoustic SNR), which could potentially hinder intelligibility in
unilateral listening when the implant ear has the worse acoustic
signal-to-noise ratio; and (2) the mutual inhibition between the
pair of processors can decrease the overall stimulation levels and
thus audibility, which could hinder intelligibility in bilateral or
unilateral listening when the two CIs (or processors) have input
signals with identical levels. (Note that the latter drawback is less of
a concern in realistic listening conditions because any asymmet-
rical placement of the CI microphoneswould suffice for the levels of
the input signals to be different.) The MOC2 and/or the MOC3
strategy could overcome the two drawbacks (Lopez-Poveda and
Eustaquio-Martín, 2018) but their control of compression is too
slow to enhance the ILD for brief sounds such as those employed
here (200ms). As discussed above, however, theMOC2 strategy and
to some extent also the MOC3 strategy could provide ILDs closer to
those of the MOC1 strategy for longer stimuli. Therefore, all three
strategies hold potential for improving some aspects of the hearing
of BiCI users. Research is ongoing to elucidate which implementa-
tion and parameters provide a greater overall benefit for the
patient.
5. Conclusions
1. Compared to a STD strategy involving two independently
functioning CIS processors with fixed back-end compression,
the MOC strategy with fast control of compression and greater
inhibition in the higher frequency channels (MOC1), slightly
improved the localization of wideband (125e6000 Hz) noise
bursts in a virtual horizontal plane.
2. MOC implementations that involved slower control of
compression, and/or slightly greater inhibition in the lower than
in the higher frequency channels (MOC2 and MOC3 strategies)
also provided larger ILDs that the STD strategy for sufficiently
long stimuli (>1 s). However, for the shorter (200-ms) noise
bursts employed here, the localization performance with these
strategies was not significantly different from that with the STD
strategy.
E.A. Lopez-Poveda et al. / Hearing Research 379 (2019) 103e1161163. The localization improvements observed for the MOC1 strategy
are probably due to this strategy providing larger and less
ambiguous ILDs.
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el  diseño  y  el  rendimiento  de  los  ICs,  los  usuarios  de  estos  dispositivos  todavía  tienen 
dificultades  para  comprender  el  habla  en  ambientes  ruidosos  o  para  localizar  fuentes 
sonoras, incluso con ICs modernos y bilaterales. 
La estrategia MOC es una estrategia binaural de codificación de sonido para ICs inspirada en 
el  control dinámico de  la  compresión de  la membrana basilar que proporciona el  reflejo 
olivococlear medial (MOCR) contralateral en la audición natural. En contraste con el enfoque 
clínico  estándar  (STD),  que  implica  usar  dos  procesadores  de  sonido  funcionalmente 
independientes  y  con  compresión  acústico‐eléctrica  fija,  la  estrategia  MOC  vincula 
dinámicamente  la  cantidad de  compresión aplicada en  cada oído. Esto puede mejorar el 
reconocimiento de habla en  ruido  [Lopez‐Poveda et al., 2016, Ear Hear 37(3): e138‐148]. 
Aunque  prometedora,  la  estrategia MOC  original  presenta  algunos  inconvenientes  y  sus 
parámetros  no  tienen  en  cuenta  aspectos  importantes  del  MOCR  natural.  El  objetivo 
principal  de  esta  tesis  es  evaluar  experimentalmente  los  beneficios  proporcionados  por 




ruido  estacionario,  en  condiciones  de  escucha  unilateral  y  bilateral  y  para  múltiples 
configuraciones espaciales de  las  fuentes de habla y  ruido. Se  compararon  los SRTs para 
estímulos procesados a través de la estrategia STD; la estrategia MOC original, con control 













la  localización  porque  los  estímulos  eran  demasiado  cortos  para  activar  y  desactivar 














es menor o  igual  con  las  estrategias MOC que  con  las  estrategias  STD.  El porcentaje de 
palabras recordadas y los tiempos de respuesta verbal en una prueba de reconocimiento de 




En  conjunto,  los  hallazgos  demuestran  que  la  estrategia  binaural MOC,  con  parámetros 
realistas  del MOCR  natural,  puede mejorar  la  localización  de  las  fuentes  de  sonido  y  el 
reconocimiento  del  habla  en  ambientes  ruidosos  sin  aumentar  el  esfuerzo  de  escucha. 






Palabras  clave:  implante  coclear,  eferente  olivococlear,  compresión  del  rango  dinámico, 

















iFFM:   máscara  fluctuante  femenina  internacional  (del  inglés  International  Female 
Fluctuating Masker) 
ILD:  diferencia interauricular de nivel (del inglés Inter‐aural Level Difference) 

























bilaterales,  estas  dificultades  pueden  deberse,  en  parte,  a  que  los  dos  ICs  funcionan  de 
manera  independiente  el uno del otro;  es decir,  a que  funcionan  como dos dispositivos 
monoaurales.  Es  frecuente,  por  ejemplo,  que,  en  los  usuarios  de  IC  bilateral,  los  dos 
dispositivos  empleen  guías  de  electrodos  de  diferente  longitud  (y  por  tanto  electrodos 
anatómicamente  desalineados),  diferente  número  de  canales  de  frecuencia,  o  incluso 
diferente  tasa  de  estimulación  eléctrica.  Estos  y  otros  factores  pueden  distorsionar  o 






Lopez‐Poveda  et  al.  (2016a,  2016b) demostraron que,  comparado  con  el uso de dos  ICs 
convencionales, el uso de una estrategia binaural de procesamiento de sonido inspirada en 
el  reflejo olivococlear medial contralateral  (MOCR)  (estrategia denominada  ‘MOC’) puede 
facilitar  la  inteligibilidad del habla en presencia de otras fuentes de sonido, tanto para  los 
usuarios de IC unilateral como bilateral. Al contrario del procesamiento estándar (STD) clínico 
actual, en el que  los dos  ICs  funcionan  independientemente el uno del otro,  la estrategia 
MOC  combina  el  funcionamiento  de  los  dos  procesadores  de  sonido  para  modificar 






SNR  acústica;  y  (2)  la  inhibición mutua  entre  los  dos  procesadores  disminuía  los  niveles 








cuenta  algunos  aspectos  del MOCR  natural,  tales  como  (1)  su  curso  temporal  lento  de 
activación y desactivación (Cooper y Guinan, 2003; Backus y Guinan, 2006), y (2) que causa 
una mayor  inhibición de  las  respuestas de  la membrana basilar en  las  regiones cocleares 
apicales que en  las basales (Lilaonitkul y Guinan, 2009; Aguilar et al., 2013). Por otro  lado, 
una  evaluación  técnica  de  la  estrategia MOC, mediante  simulaciones  de  inteligibilidad, 
predijo que el uso de constantes de tiempo más largas para la activación y desactivación de 
la inhibición contralateral, combinada con una mayor inhibición en los canales de frecuencia 
más  bajos,  podría  resolver  las  limitaciones  de  la  estrategia MOC  original,  y mejorar  la 
información de  la  señal en el oído  con  la peor  SNR  acústica  (López‐Poveda  y Eustaquio‐
Martín, 2018). En definitiva, las simulaciones sugirieron que una implementación más realista 
de  las características del MOCR natural podría  incrementar  los beneficios de  la estrategia 
MOC y generalizarlos a un conjunto más amplio de condiciones de escucha con ICs.  
1.2. OBJETIVOS  
El  objetivo  principal  de  esta  tesis  es  confirmar  experimentalmente  estas  predicciones, 
comparando  la  audición  de  los  usuarios  de  ICs  con  diversas  implementaciones  de  la 
estrategia MOC, diseñadas para reflejar de manera más o menos realista las características 
inhibitorias  del  MOCR  natural.  Para  lograr  este  objetivo  general,  se  establecieron  los 
siguientes objetivos específicos: 




2. Verificar  experimentalmente  si  la  localización  de  fuentes  de  sonido  en  un  plano 
horizontal virtual es mejor con la estrategia MOC que con la estrategia STD. 
3. Investigar  los  beneficios  de  combinar  un  procesamiento MOC  realista  (denominado 
estrategia MOC3) con el procesamiento FS4, en relación con el uso del procesamiento 
FS4 aislado. El procesamiento FS4 está presente en los ICs más modernos del fabricante 





















condiciones  de  escucha  unilaterales  y  bilaterales  para  diversas  configuraciones 
espaciales de la máscara y la señal. 




3. La  estrategia MOC3,  en  combinación  con  el  procesamiento  de  sonido  FS4,  produce 
mejores SRTs en ruido que el procesamiento FS4 por sí solo. 
4. Debido  a  que  las  estrategias MOC  facilitan  el  reconocimiento  del  habla  en  ruido, 






















en  la estrategia de muestreo  intercalado continuo  (o estrategia CIS, del  inglés Continuous 
Interleaved  Sampling)  (Wilson  et  al.,  1991).  Esta  estrategia  se  implementó  sin  control 
automático de ganancia (AGC) (Fig. 2.4). La otra estrategia estándar, que denominaremos 
STD‐FS4,  se basó  en  la  estrategia  FS4 de MED‐EL, diseñada para preservar  la  TFS de  los 


























MOCR  natural.  En  concreto,  se  evaluaron  cuatro  implementaciones  diferentes  de  la 
estrategia MOC: 
 MOC1. Es la estrategia MOC implementada y evaluada originalmente (Lopez‐Poveda et 
al.,  2016b,  2017),  con  constantes  de  tiempo  rápidas  (τa  =  τb  =  2 ms),  y  con mayor 
inhibición en los canales de frecuencia más alta que en los de frecuencia más baja. 
 MOC2. Se trata de una estrategia MOC1 con constantes de tiempo más lentas (τa = 2 ms, 





 MOC3‐FS4.  Esta  es  una  estrategia  MOC3  con  AGC  vinculado  binauralmente  y  con 
procesamiento  FS4  para  preservar  la  TFS  en  los  cuatro  canales  de  frecuencia más 
apicales. 




Antes  de  la  realización  de  las  pruebas,  se  midieron  los  niveles  de  corriente  eléctrica 
correspondientes al nivel máximo confortable (MCL, del inglés Maximum Comfortable Level), 
utilizando  el  método  de  ajuste.  Los  niveles  mínimos  de  estimulación  (umbrales)  se 
establecieron en valores medidos individualmente, o en 0%, 5% o el 10% de los valores de 
MCL  (Boyd, 2006)  (Tablas 3.1 y 3.2). Los volúmenes de cada procesador se establecieron 
utilizando  las  estrategias  STD  o  STD‐FS4  para  asegurar  que  los  sonidos  se  percibían 
cómodamente e igual de fuertes en ambos oídos, y que una frase filtrada con funciones de 
transferencia de la cabeza (HRTFs) para 0° de elevación y 0° azimut se percibía en el centro 
de  la  cabeza. En  los experimentos  realizados en el protocolo 1  (dirigidos  a  comparar  las 
estrategias STD, MOC1, MOC2 y MOC3),  los umbrales,  los MCL y  los volúmenes de  cada 
participante  fueron  iguales  para  todos  los  procesadores  y  constantes  durante  todas  las 
pruebas.  En  los  experimentos  realizados  en  el  protocolo  2  (dirigidos  a  comparar  las 
estrategias  STD‐FS4  y MOC3‐FS4),  los  umbrales  y  los MCL  de  cada  participante  también 
fueron  iguales  constantes  durante  todas  las  pruebas.  Sin  embargo,  los  volúmenes  se 








Para el primer protocolo,  la escucha en campo  libre se simuló  filtrando  frases grabadas y 
almacenadas digitalmente a través de HRTFs ecualizadas de campo difuso, para un maniquí 
de investigación acústica (KEMAR), y para altavoces situados a 1 m del centro de la cabeza 
del  maniquí  (Gardner  y  Martin,  1995).  Para  el  segundo  protocolo,  las  configuraciones 
espaciales se consiguieron filtrando las frases a través de HRTFs para el procesador Opus 3 








A  lo  largo de esta tesis,  las configuraciones espaciales de  los estímulos se expresan como 
SXNY, donde X e Y  indican  los ángulos azimutales (en grados) de  las fuentes de habla (S) y 
ruido (N), respectivamente, con 0° indicando una fuente frente al oyente, y valores positivos 




para  realizar  tanto  el  procesamiento  de  señales  como  los  experimentos,  incluida  la 
presentación  de  los  estímulos  eléctricos.  Los  estímulos  se  generaron  digitalmente,  y  se 
procesaron a  través de  la estrategia de procesamiento  correspondiente.  Los patrones de 





no  fue  necesario  realizar  las  pruebas  en  salas  aisladas  acústicamente.  Las  pruebas  se 
realizaron en una habitación normal, con el experimentador sentado frente al participante. 
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(2018)  predijeron  que  el  uso  de  constantes  de  tiempo más  largas  para  la  activación  y 



























la estrategia MOC  'original'  rápida  (MOC1), una estrategia MOC más  lenta  (MOC2) y una 








las estrategias produjeron SRTs  significativamente mejores para  fuentes de habla y  ruido 





En  la escucha unilateral, el  rendimiento  fue peor con  la estrategia MOC1 que con  la STD 
cuando el oído evaluado tenía la peor SNR acústica. Por el contrario, el rendimiento con las 
estrategias MOC2  y MOC3  fue  comparable  al  rendimiento  con  la estrategia  STD en esas 
mismas  condiciones.  Esto  confirma  experimentalmente  una  limitación  esperada  de  la 
estrategia MOC1 (Lopez‐Poveda et al., 2016a, 2016b). Confirma, además,  la predicción de 




fuentes de habla y  ruido  separadas espacialmente, pero no para  fuentes  coubicadas. Sin 
embargo, el rendimiento con la estrategia MOC3 fue mejor que con la estrategia STD para 
todas las configuraciones espaciales evaluadas. En promedio, la estrategia MOC3 mejoró los 
SRTs  en  1.6  dB  SNR  respecto  a  la  estrategia  STD.  Esto  confirma  experimentalmente  la 
segunda predicción de que  la otra  limitación de  la estrategia MOC1 (a saber, que  los SRTs 
serían  ligeramente peores con  la estrategia MOC1 que con  la STD para fuentes de habla y 
ruido  coubicadas),  se  puede  superar  mediante  el  uso  de  un  control  más  lento  de  la 
compresión, combinado con mayor inhibición en los canales de frecuencia más bajos que en 
los más altos. 
Todas  las  estrategias  de  procesamiento  produjeron  desenmascaramiento  espacial 








LATERALIZACIÓN DE FUENTES DE 
SONIDO VIRTUALES CON UNA 
ESTRATEGIA BINAURAL DE 
PROCESAMIENTO DE SONIDO PARA 
IMPLANTES COCLEARES INSPIRADA 
EN EL MOCR2 
4.1. INTRODUCCIÓN 
Muchos usuarios de  IC bilateral  localizan  fuentes de  sonido  con menos precisión que  las 
personas con audición normal (Dorman et al., 2016). Esto puede deberse, en parte, al uso de 
ICs que  funcionan  independientemente el uno del otro y con mapas  fijos de compresión 
acústico‐eléctrica,  lo  cual distorsiona  y/o  reduce  las  ILDs. Comparado  con  el uso de dos 
procesadores de sonido independientes, la estrategia MOC mediante el uso de compresión 
acoplada  binauralmente,  puede  mejorar  las  ILDs  en  cada  canal  de  frecuencia  de 
procesamiento  (véase  la Fig. 2 en Lopez‐Poveda et al., 2016a) y, por  lo  tanto,  las  ILDs en 











2 Este  capítulo  se basa en el artículo:  Lopez‐Poveda EA, Eustaquio‐Martín A, Fumero MJ, Stohl  JS, 







STD  (Fig.  5.6).  Sin  embargo,  el  ángulo  de  error  de  localización  no  fue  estadísticamente 
diferente con las estrategias STD, MOC2 y MOC3. 
4.4. DISCUSIÓN Y CONCLUSIONES 




de  la  inhibición contralateral de  la estrategia MOC1  (2 ms), pero  insuficiente para activar 
totalmente la inhibición contralateral en las estrategias MOC2 y MOC3 (> 300 ms). Por ello, 








INTELIGIBILIDAD DEL HABLA CON 

















y  comparó  para  las  estrategias  STD‐FS4  y MOC3‐FS4.  Los  SRTs  se midieron  para  frases 




Oldenburger  Sentence  Test  (o  test  matricial)  (Hochmuth  et  al.,  2012),  y  la  versión  en 
castellano del HINT (Huarte, 2008). 
5.3. RESULTADOS 













la  estrategia MOC3‐FS4  tendieron  a  ser mejores  para  el  ruido  estacionario  que  para  el 
fluctuante.  
5.4. DISCUSIÓN Y CONCLUSIONES 
En  promedio,  los  SRTs  fueron  iguales  o mejores  con  la  estrategia MOC3‐FS4  que  con  la 







audición unilateral  se  realizaron  tras  cuatro días de  experimentos bilaterales,  cuando  ya 
estaba familiarizado con los experimentos y los sonidos percibidos a través de las diferentes 
estrategias. Sin embargo, puede haber otros factores, además del aprendizaje. En ocasiones, 
la  estimulación  bilateral  produce  un  peor  reconocimiento  del  habla  que  la  estimulación 
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la  estrategia  STD).  Los  tiempos  de  respuesta  verbal  se  cuantificaron  como  el  tiempo 























no  fueron  significativamente diferentes para  las estrategias de procesamiento  STD‐FS4  y 
MOC3‐FS4. Además, observamos una correlación entre el número de palabras recordadas y 




En  general,  los  resultados  de  los  dos  estudios  indicaron  que  la  proporción  de  palabras 
recordadas no fue significativamente diferente para las estrategias MOC con respecto a su 
correspondiente estrategia STD. Suponiendo que  la proporción de palabras recordadas es 
una medida de esfuerzo,  los datos  indican que  los usuarios de IC bilateral experimentaron 
cantidades similares de esfuerzo al escuchar con las estrategias MOC y STD. Este resultado 
es  positivo,  ya  que  los  participantes  estaban  más  acostumbrados  a  escuchar  el  habla 
procesada a través de una estrategia similar a la STD que a través de las estrategias MOC. 
En los dos estudios, tanto el reconocimiento como el recuerdo de palabras tendieron a ser 
mejores  a  +5  dB  SNR  que  en  silencio  o  en  el  SRT  individual,  independientemente  de  la 
configuración espacial y  la estrategia. Esto probablemente se debió a que  los SRTs fueron 









a  usar  dos metodologías  diferentes  en  el  Estudio  2  (doble  tarea  y  tiempo  de  respuesta 
verbal).  En  general,  no  encontramos  diferencias  significativas  en  el  esfuerzo  entre  las 
estrategias STD‐FS4 y MOC3‐FS4 con ninguna de las metodologías utilizadas. Aun así, las dos 
















de  la  estrategia MOC  diseñadas  para  reflejar  de manera más  realista  las  características 










de  la estrategia MOC1  (propuesta originalmente) sobre  la estrategia STD para  fuentes de 
habla  y  ruido espacialmente  separadas,  y amplió esos beneficios a otras  configuraciones 
espaciales. Además, la estrategia MOC3 proporcionó una ventaja binaural significativa. 
En el Capítulo 4 se ha demostrado que, en comparación con la estrategia STD, la estrategia 




más  lento  de  la  compresión  y/o  una  inhibición  ligeramente  mayor  en  los  canales  de 
frecuencias  bajas  (estrategias  MOC2  y  MOC3)  también  podrían  proporcionar  ILDs  más 
grandes que la estrategia STD, pero para estímulos largos (> 300 ms). 
En  el  Capítulo  5  se  ha  demostrado  que  los  beneficios  del  procesamiento MOC3  para  el 
reconocimiento de frases en ruido se mantienen cuando la codificación del sonido incluye el 
procesamiento FS4, que mantiene parcialmente la TFS del habla. Más específicamente, los 












auditivo de  los usuarios de  IC bilateral  sea  lo más  similar posible al de  las personas  con 
audición normal  (Wiggins y Seeber, 2013; Baumgärtel et al, 2015a, 2015b; Adiloğlu et al., 




Por el contrario,  la  implementación de  la estrategia MOC en un dispositivo  requeriría un 
micrófono por oído, sin suposiciones a priori sobre la identidad o la ubicación de la señal de 
interés, sin  (pre)procesamiento complejo y, probablemente, menos  intercambio de datos 




se  pueden  restaurar  mediante  el  uso  de  AGC  vinculado  (Wiggins  y  Seeber,  2013),  el 
procesamiento MOC podría proporcionar mayores beneficios cuando se usa en combinación 
con  un  AGC  vinculado.  Las  evaluaciones  incluidas  en  esta  tesis  se  realizaron  con  la 
implementación del procesamiento MOC en combinación con una estrategia de codificación 
de sonido CIS. Sin embargo, hasta donde se sabe, todas  las estrategias de codificación de 
sonido  actuales  incluyen  un  mapeo  acústico‐eléctrico  en  la(s)  última(s)  etapas  del 
procesamiento  (véase, por  ejemplo,  la  Fig.  2  en Wouters  et  al.,  2015).  Teóricamente,  el 








Debido al número  limitado de  listas presentes en  los corpus utilizados en  los estudios de 
inteligibilidad (Capítulos 4 y 6), es probable que los participantes se aprendieran algunas de 
las  frases  utilizadas  durante  las  pruebas.  Como  resultado,  los  SRTs  obtenidos  son 
probablemente mejores  de  lo  que  hubieran  sido  si  el material  no  se  hubiera  utilizado 
repetidamente. Sin embargo, es improbable que la reutilización de las frases haya afectado 
a las diferencias en los SRTs entre las estrategias (o entre las configuraciones espaciales), ya 
que  las medidas  se  organizaron  en  bloques,  y  en  cada  bloque  se  incluyeron  todas  las 
estrategias de procesamiento y configuraciones espaciales evaluadas en orden aleatorio. Por 






Los beneficios del procesamiento MOC son sorprendentes  teniendo en cuenta  la  falta de 
experiencia de los participantes con los procesadores MOC. La experiencia con la estrategia 
MOC se limitó a unos pocos días durante las sesiones experimentales. Por lo tanto, se puede 
suponer  que  la  mejora  proporcionada  por  la  estrategia  MOC  podría  ser  mayor  si  los 
participantes tuvieran la oportunidad de utilizar a diario esta estrategia de procesamiento. 
Por otro lado, en el estudio de localización, la duración del estímulo (200 ms) fue menor que 
el  tiempo  requerido  para  la  activación  (y  desactivación)  completa  de  la  inhibición 
contralateral en las estrategias MOC2 o MOC3 (Fig. 5.3). Como resultado, las ILDs para los 
estímulos  evaluados  fueron probablemente más pequeñas de  lo que hubieran  sido para 
estímulos más  largos. Por  lo  tanto, es posible que el uso de estímulos más  largos pueda 
mejorar el rendimiento de localización también con las implementaciones más realistas de 
la estrategia MOC. 
Dada  la  falta de consenso sobre  la mejor medida del esfuerzo de escucha, utilizamos dos 
metodologías diferentes  (la doble  tarea y  los  tiempos de  respuesta verbal) para medir el 
esfuerzo  experimentado  por  los  usuarios  de  IC  con  la  estrategia MOC  en  una  tarea  de 
reconocimiento del habla. La principal limitación del uso de los tiempos de respuesta como 
medida del esfuerzo es que son muchos  los factores que pueden afectar a  la velocidad de 
procesamiento,  como,  por  ejemplo,  la  edad  (Pichora‐Fuller  et  al.,  2016).  Una  segunda 
limitación es que el tiempo de respuesta no siempre es sensible al esfuerzo de escucha. Por 










el  reconocimiento del habla en  ruido  sin aumentar el esfuerzo de escucha. Sin embargo, 















estrategia MOC1 para estímulos más  largos.  La estrategia MOC3  (más parecida al MOCR 
natural), resolvió las limitaciones de la estrategia MOC1 original y proporcionó, en general, 
un  mejor  reconocimiento  del  habla  en  ruido.  Además,  las  estrategias  MOC2  y  MOC3 
proporcionaron una ventaja binaural estadísticamente significativa (Capítulo 3). Esto podría 
deberse a que  las  implementaciones más  realistas de  la estrategia MOC  (MOC2 y MOC3) 




MOC1)  podría  ser  ventajosa  para  localizar  sonidos  breves  y  reconocer  el  habla  en 














a ella. Este hardware  también permitiría  realizar pruebas similares a  las descritas en esta 
tesis, pero en condiciones de escucha de campo libre real, en lugar de simuladas. 
Debido a que  la audición en entornos naturales es dinámica  (es decir,  las personas y  los 
objetos  son móviles),  y  el  procesamiento MOC  también  es  dinámico,  sería  interesante 
evaluar el rendimiento auditivo con las estrategias MOC utilizando sonidos en movimiento, 
en escenarios de audición presentes en el mundo real. 
Dado  que  la  estrategia  MOC  mejora  la  segregación  de  fuentes  de  sonido  separadas 
espacialmente  (véase  la  Fig.3  de  Lopez‐Poveda  et  al.,  2016b),  también  sería  interesante 
evaluar  en  qué  medida  el  procesamiento  MOC  puede  facilitar  el  seguimiento  de  dos 
conversaciones simultáneas en entornos realistas. 
Debido a que  las estrategias MOC2 y MOC3 teóricamente mejoran  las ILDs para estímulos 
suficientemente  largos,  sería  interesante  realizar  el  estudio del Capítulo 4  con  estímulos 
suficientemente largos (>300 ms) como para activar y desactivar completamente la inhibición 
contralateral.  Esto  podría  ayudar  a  esclarecer  qué  implementación  y  parámetros 
proporcionan un beneficio general mayor para  los usuarios de  IC. En otras palabras, sería 






intermedias  podría  ser  beneficiosa  para  todos  los  tipos  de  máscaras.  Se  necesita  más 
investigación para confirmar esta última posibilidad. 




















fuentes  de  ruido  y  habla  espacialmente  separadas,  y  amplía  esos  beneficios  a 
configuraciones espaciales adicionales. Además,  la estrategia MOC3 proporciona una 
ventaja binaural significativa, algo que no ocurre con las otras estrategias utilizadas. 
(3) La  estrategia  MOC3  combinada  con  el  procesamiento  FS4  (estrategia  MOC3‐FS4), 
produce un reconocimiento del habla en ruido igual o mejor que la estrategia STD‐FS4 
en condiciones de escucha unilateral y bilateral, para un amplio  rango de niveles de 
habla  (−28, −38 y −48 dB FS), para múltiples configuraciones espaciales y para ruidos 
estacionario y fluctuante. 
(4) Durante una tarea de reconocimiento de palabras en ruido, los usuarios de IC bilateral 
experimentan aproximadamente el mismo esfuerzo de escucha independientemente de 
que los sonidos se procesen a través de estrategias STD o MOC. 
(5) En conjunto, los estudios descritos en esta tesis demuestran que el procesamiento MOC 
puede mejorar la localización de las fuentes de sonido en silencio y el reconocimiento 
del habla en ruido sin aumentar el esfuerzo de escucha. 
